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ABSTRACT 
The rabbitfish Siganus canaliculatus and S. fuscescem are two sibling species with 
marked similarity in appearance. They are distributed sympatrically over a large part 
of the Indo-West Pacific region. This pair of sibling species was studied to reveal the 
genetic structure of reef associated fish in the South China Sea (SCS), with emphasis 
in the northern region owing to its wide distribution and abundance, as well as its 
ecological and commercial importance in the region. 
The population genetic structure of the sibling species in the SCS was elucidated 
using the mitochondrial control region. As their taxonomic status remains 
controversial, all samples collected were regarded as Siganus canaliculatus/ S. 
fuscescem species complex with no bias made prior to the investigation. Samples 
were collected from one locality in Japan and nine localities in the SCS, while 
samples from Phuket, Indian Ocean were also collected for geographical comparison 
(total N = 313). Phylogenetic analysis of the control region sequences revealed two 
genetically differentiated lineages: The Pacific and the Indian Ocean lineages, with 
sequence divergence � IVq . The Pacific lineage consists of two subgroups that are 
made up of individuals from all localities in the SCS; while the Indian Ocean lineage 
consists of two well supported groups, one contains individuals from Phuket and few 
individuals from SCS and the other contains sequences of the closely related species, 
S. rivulatus found mainly in the Red Sea (sequences from GenBank). The 
phylogeographical distribution pattern of these lineages indicates an origin from 
different Ocean basins, and the marked inter-ocean differentiation was highlighted. 
The three genetically differentiated groups found are also likely to have evolved in 
different coastal waters: The Indian Ocean, SCS and East China Sea (ECS). These 
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coastal seas and ocean probably were refugia isolated during the lowering of sea 
level in the Pleistocene. 
AMOVA analysis revealed highest differentiation when the populations were 
arranged into three groups: (i) Phuket, (ii) northwestern Philippines, and (iii) all the 
rest of the populations in the SCS ((DCT= 0.58, p < 0.05). This population structure 
concurs with the pattern of present day ocean currents. Homogeneity in genetic 
structure within the SCS suggests high dispersal potential in this S. canaliculatus/ S. 
fuscescens species complex. The isolation of the Philippine population with the other 
populations in the SCS attributed to the unique ocean current west of the Philippines 
was also highlighted. The discrepancy in genetic groupings in SCS revealed in the 
present study with those suggested in other previous studies may be attributed to the 
differences in the dispersal ability and the habitat use of the species examined. 
Ten ratios of morphometric characters and three spots count data were employed in 
the present study to ascertain whether the three genetically differentiated groups can 
be revealed by their morphology. Only one single index was shown to be 
significantly different in the univariate analysis, while no groupings were observed in 
multivariate analysis. Investigation of the spots counts alone also could not identify 
the three groups clearly. These data showed clearly that these three genetically 
differentiated groups cannot be revealed by the morphometric characters used in the 
present study. Alternatively, eight out of the 10 indices used were found to be 
significantly different among populations from different sampling localities. Spots 
count was found useful in identifying some of these populations. Though the 
possibility of using spots count to separate populations was highlighted, the spots 
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faded so easily as soon as the fish died, making this character not always reliable for 
use in morphological analysis. 
Integrated genetic and morphological data in the present study were compared with 
those from previous studies to address the taxonomic problem associated with this S. 
canaliculatus/ S. fuscescens species complex. It was concluded that the Pacific 
Ocean Group of the species complex more closely resembled S. fuscescens, while the 
Indian Ocean Group resembled S. canaliculatus more closely. The status of the S. 
canaliculatus/ S, fuscescens species complex remains unresolved but may be better 
addressed with further studies using multiple genetic markers, especially the nuclear 










canaliculatus/S. fuscescem species complex). 本硏究之樣本分S!J在日本的一個地 
區’以及九個南海地區中收集。另外，在印度洋地區之普吉島也收集了樣本， 
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1.1 Crisis in world fisheries 
Over 70% of our blue planet's surface is covered with water. The ocean is home to 
billions of marine organisms. Millions of people rely on it for food and livelihood, 
especially those living along the coast in many countries. It is definitely one of our 
greatest resources on earth. However, severe decline in world-wide fisheries 
resources in the last two decades signals a grave warning: the fisheries will not be 
sustainable unless active management is employed. 
With the expansion of fishing efforts, a conspicuous increase in the proportions of 
overexploited and depleted marine fisheries resources was documented in the 1970s 
and 1980s (FAO 2009). The level has since remained relatively stable in the last 
10- 15 years. In 2007, about 27 % of the fisheries stocks were either overexploited 
(19%) or depleted (8%) and hence yielding less than their maximum potential due to 
overfishing. A further 52 % of the stocks were fully exploited, indicating that the 
catches were at or close to their maximum sustainable limits with no room for further 
expansion. There is a risk of further decline in world-wide fisheries and effective and 
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precautionary management is urgently needed. Study by Worm et al (2006) found 
that about 30% of open sea fisheries are considered as collapsed, with catches 
dropped below 10% of the original yield. The decrease in species diversity and 
abundance would lead to unsustainable fisheries. It was predicted that if this 
decreasing trend continues, there could be a global collapse of all currently fished 
taxa by the year 2048 (Worm et al 2006). 
As stated in the 2008 FAO report (FAO 2009), Northwest Pacific is the most 
productive among the areas surveyed, with a total catch of 21.6 million tonnes (26 % 
of total marine catches). However, it is also one of the areas with the highest 
proportions of fully-exploited stocks. In Southeast Asian countries like Malaysia, the 
Philippines and Thailand, substantial declines were observed in the total biomass of 
demersal fisheries (Stobutzki et al. 2006). In most cases, residents from these 
developing countries are heavily dependent on fisheries industries with few 
alternative likelihoods (Ablan 2006). Apart from overfishing, destruction of fish 
habitat resulted from human activities like dredging, wetland drainage, pollution and 
ocean mining are likely to contribute to these declines. 
Owing to the inaccessibility of the ocean habitat, its complex dynamics and spatial 
2 
Chapter one 
heterogeneity (i.e. patchiness of habitats), management of marine resources has not 
been easy. Conventional fishery management tools were often developed in 
economically better off countries based on a single species. Thus, much efforts were 
invested in understanding the population dynamics of a particular species. However, 
this approach would be impractical in most multispecies fisheries in the tropical and 
subtropical regions. Efforts cannot be adjusted to meet individual species targets and 
would often fail to address changes that affect productivity throughout the ecosystem. 
Other approaches like effort and catch control also involve no direct promotion of 
management of habitat or environmental variables. They depend on estimation of 
mortality caused by each unit of fishing effort and the quality of stock assessments, 
which are often unreliable. 
1.2 Marine Protected Areas (MPAs) 
In recent years, the area-based strategies of management are increasingly being 
advocated. This shifts the focus from specific problem management to 
implementation of policies that involve cooperation of different stakeholders, the 
recognition of the spatial heterogeneity of the marine habitats and the need to 
conserve the marine ecosystem as a whole. Marine Protected Area (MPA) has since 
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been commonly employed by different countries as a management tool for fisheries 
resources. According to definition of the International Union for the Conservation of 
Nature and Natural Resources (lUCN), MPA is ''Any area of littoral or subtidal 
terrain, together with its overlying water and associated flora, fauna, historical and 
cultural features, which has been reserved by law or other effective means to protect 
part or all of the enclosed environment” (Kelleher and Kenchington, 1992). It aims 
to increase the ability of species to cope with natural disturbances by decreasing 
pressure from harvesting or human activities. Practically, there are different types of 
MPAs with different levels of protection. In general, MPAs can be divided into two 
types according to the purpose: 1). MPA for conservation, which aims to conserve 
species of special interest or the biodiversity in the area; or 2). MPA for fishery 
purpose, which aims to arrest the decline in fish catch. Among the MPAs for fishery 
purposes are the no take reserves, which are sea areas where fishing is prohibited. No 
take reserve is expected to increase the density and biomass of fishery target species 
by lowering the fishing pressure, and eventually influence the adjacent fished areas 
by net export of adults or new recruits through dispersal, i.e. the spillover effect 
(Russ, 2002). 
Coral reefs are often called the "rainforests of the sea，，due to their high productivity, 
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forming some of the most diverse ecosystems on this planet. According to the 
database of coral reef MPAs by Mora et al (2006)，there are 980 coral reef MPAs in 
the world that cover 98,650 Km^ (18.7%) of the world's coral reef habitats. However, 
most of the MPAs are not under good management and enforcement and only 0.01% 
of the world's coral reefs are truly fully protected. For example, although Southeast 
Asia has the highest number of MPAs (over 350), many of them are subjected to 
poaching and are at risk. While on one hand there is an urgent need to expand and 
establish more MPAs, for which 2,259 more worldwide are suggested (Mora et al 
2006), there is also an urgent need to improve the effectiveness of the existing MPAs. 
Effectiveness of a fishery MPA may be assessed in terms of changes in the density 
and biomass of the fish inside the MPA (reviewed in Russ 2002; Nardi et al 2004). 
One of the most successful examples using MPA as a fishery management tool was 
reported in Apo Island, the Philippines (Russ 2002; Russ et al 2003). A 0.5 km long 
section of the southeastern side of the island, which made up about 10% of the total 
coral reef area, was designated as no take marine reserve in 1982. After 10 years of 
protection, an eight fold increase in the mean biomass and density of some fisheries 
target species (Serranidae, Lutjanidae and Lethrinidae) was observed (reviewed in 
Russ 2002). The biomass of the exploited surgeonfish tripled after 18 years of 
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protection, and the adjacent areas of the reserves also benefited by the spillover effect 
(Russ et al 2005). However, there are also less successful stories. The US Virgin 
Island Coral Reef National Monument established in 2001 showed lower richness 
and biomass of reef fisheries than areas outside after three years of protection 
(Monaco et al. 2007). It was concluded that besides management, size, placement 
and spacing of MPAs are crucial (Sale et al. 2005; Monaco et al 2007) because 
change in fish population size can be influenced by movement of their individuals. 
For example, if individuals move outside the boundaries of MPAs, they will be 
exposed to harvesting. If the source populations are protected, arrival of recruits will 
increase. 
Besides local populations, mechanism for reserve to benefit adjacent fisheries 
depends on connectivity, i.e. the demographic linking of local populations through 
successful dispersal, which requires individuals to move between populations and be 
incorporated into the recipient reserve (Sale 2004; Sale et al 2005). This is crucial to 
the design of MPAs, yet, critical gaps in scientific knowledge exist (Sale et al 2005). 
As this connection of fish populations may cross the political boundaries, 
collaboration of different countries is essential but can be difficult. There is a great 
urgency to investigate the connectivity of fish populations to ensure sustainable 
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management of declining coastal fisheries. 
1,3 Connectivity of fish populations 
Some fish species, such as the schooling and pelagic species, often search for food in 
different habitats. Some other species like groupers are known to travel long 
distances to spawning aggregations (Bolden 2000). However, most marine fish 
species are sedentary as adults. They disperse mainly in their larval phase. Factors 
affecting larval dispersal include historic barriers to gene flow, oceanographic 
circulation patterns, larval development (including physiology and behavior of 
larvae), distance and directions of marine larval dispersal, the environment during 
larval phase and length of pelagic larval duration (PLD). These factors interact with 
each other, so the mechanism is rather complex (Sale et al. 2005; Bay et al. 2006). 
In the past, fish with longer PLD were predicted to have higher dispersal potential. 
Banggai cardinalfish {Pterapogon kauderni) (Bemardi and Vagelli, 2004), a coral 
reef fish lacking pelagic larval phase, shows strong genetic structure (limited gene 
flow among populations) in Indonesia, thus supporting the hypothesis. However, 
connectivity study of Panda clown fish (Amphiprion polymus) (Jones et al 2005) in 
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Australia shows that although this fish species has about 10 days of PLD, tagging of 
larvae by tetracycline and analysis of parentage indicated that they settle close to 
their home anemone (<100 m from birth site). In other words, there is retention of 
reef fish larvae in their natal habitat. A comparative analysis of genetic structures of 
five species of the family Pomacentridae by Bay et al (2006) shows that while the 
species which lacks pelagic larval stage showed high genetic structure, no 
relationship between PLD and genetic structure was found among the other four 
species despite the fact that the difference in their PLD is more than 20 days. Many 
other studies have shown that PLD is not necessary correlated directly with gene 
flow, and populations of many widely distributed species are sub-divided, not as 
homogenous as expected (Muss 2001; Taylor and Hellberg 2003; Rocha et al 2005). 
All these findings suggest that the mechanisms or factors affecting the connectivity 
of fish population are not simple, and further investigation is certainly needed to 
clarify many uncertainties. 
The dispersal ability, spatial structure and connectivity of fisheries resources can be 
investigated using different methods. Jones et al (1999) applied tetracycline to tag 
the embryos of the damsel fish Pomacenrus amboinensis. After analyzing the otoliths 
of the recaptured larvae, it was estimated that local retention may occur in about 15% 
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to 60% of the recruits. A comparable study was conducted by Almany et al. (2007)， 
where larvae of the orange clownfish (Amphiprion percula) and vagabond 
butterflyfish {Chaetodon vagabundus) were tagged by injecting barium (Ba) isotopes 
into the mother individuals. In spite of the difference in eye types and PLD (11 days 
in orange clownfish and 38 days in vagabond butterflyfish), it was concluded that 
about 60% of the larvae showed natal homing. Swearer et al (1999) made use of the 
distinctive signature present in growth and otolith microchemistry of the larvae 
developed in the coastal water to estimate the dispersal of Thalassoma bifasciatum 
larvae. Similarly, a certain level of self-recruitment was discovered. These indicated 
that local populations of reef fish receive larvae from the other populations; yet also 
retain part of their own. 
Direct observation of larval dispersal of marine fishes has not been easy as 
techniques in tagging embryos or mother individuals are required. Other approaches 
were employed to deduce the pattern of larval dispersal indirectly, though many of 
these proved to be not too constructive (reviewed in Mora and Sale 2002). It was 
suggested that spawning patterns of local population should be correlated with the 
time of local recruitment if larval retention had occurred (Danilowicz 1997). 
However, the coupling of spawning and recruitment events could also result from 
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synchronized spawning in broadly distributed populations and the subsequent wide 
dispersal of their larvae. On the other hand, trails of larvae released simultaneously at 
a single location and drifted passively could also give an indication of the potential 
path of larvae dispersal (reviewed in Mora and Sale 2002). Nonetheless, as larval 
behaviors were ignored in these studies, no concrete conclusion on the path of larval 
dispersal can be made. 
In recent decades, instead of direct measurement of dispersal distance of individuals, 
molecular markers are commonly used to find out the connectivity of different 
populations. Level of gene flow can represent the level of connectivity among 
populations, e.g. high connectivity among the populations will show high level of 
gene flow and hence weak genetic structure, which can be revealed by suitable 
molecular markers. These genetic structures are based on the inherited characters that 
persisted over many generations. Allozyme was employed in many of the earliest 
population genetics studies. Some of them confirmed that species with long PLD 
show little differentiation among populations. However, it was suggested that 
selection might promote differentiation at certain loci and hence bias the estimation 
of connectivity, or homogenize the allozyme frequencies (reviewed in Hellberg 
2007). Given the relatively lower sensitivity of the allozyme markers, many scientists 
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have now turned to employ mitochondrial DNA as connectivity marker due to its 
requirement for smaller effective population size, higher sensitivity, higher copy 
number and the availability of universal primers (Avise 2000). Many other 
approaches, such as the use of non-coding regions in internal transcribed spacers 
(ITS) of nuclear rRNA and introns as markers, amplified fragments length 
polymorphism (AFLP) and restriction fragment length polymorphism (RFLP), have 
been developed and employed by population genetics studies. Microsatellites are 
some of the most powerful, more recently developed markers. They are the highly 
variable segments of tandem repeats in the non-coding region of DNA. However, 
compared with other markers, the development of microsatellites requires longer 
time, more complicated equipment and expertise (Ward 2000; Ablan 2006). With the 
new technology, new markers are being developed more easily and the cost for 
population genetics studies has decreased significantly. These population studies 
which covered a wide geographical range or involved comparison of different 
species often also provide insight on the presence of barriers for phylogenetic breaks, 
cryptic species and the possible factors driving genetic differentiations. All of these 
are important for fisheries management as they provide information on the genetic 
linkages of the fisheries target species. 
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1.4 The South China Sea 
South China Sea (SCS) is one of the most important marginal seas in the Indo-West 
Pacific Region. It is one of the diversity hotspots in this region. It is also believed to 
be one of the coastal refugia during the last ice ages (Cheang et al 2010). While 
there are a number of population genetic studies of reef fish in the Indo- West Pacific; 
few of them included a comprehensive sampling within the SCS region. A large scale 
population genetic study of the damsel fish Dascyllus trimaculatus from the SCS and 
adjacent areas suggested the existence of four major groups of genetic populations in 
the SCS (Ablan et al 2002): (1) West Pacific group including populations east of the 
Philippines and southeast of Taiwan; (2) North central group including populations 
from northwest Taiwan, northern Vietnam and northwest Philippines; (3) 
Southwestern group including those from south Vietnam and eastern coast of 
mainland Malaysia; and (4) Southern group including south and central Philippines, 
east Malaysia and central Indonesia populations. The validity of such genetic 
groupings was further supported by a later study on Six Bar Wrasse {Thallsoma 
hardwicki) in the similar region (Chen et al. 2004). However, these species examined 
were mainly reef associated species. Whether similar genetic groupings could also be 
found in other demersal or pelagic species remain to be verified. The implication of 
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such groupings with respect to fisheries management unit as well as setting up of 
MPAs within the SCS should also be assessed. 
Members of the family Siganidae are important food species in the SCS region 
(Myers 1991; Adams and Woodland 1994; Jumawan-Nanual and Metillo 2008; 
Soliman et al 2008;. 2009). They are abundant in this region. The presence of large 
school of juveniles forms the basis of seasonal fisheries in some Pacific islands 
(Sadovy and Cornish, 2000). It is believed that the almost predictable time and place 
of spawning of the adults and the settlement of juveniles in huge school have made 
them easy fishing target in the Philippines for decades, leading to signs of 
overfishing in S. canaliculatus, S, fuscescens, S. spinus and S. argenteus 
(Jumawan-Nanual and Metillo 2008; Soliman et al 2008). Some of the brightly 
colored species are popular as ornamental fishes in aquarium. Besides, although the 
family is relatively small in species richness, these herbivorous siganids are regarded 
as important component in coral reef communities as primary consumers (Kuiiiwa et 
al 2007). They keep the corals healthy by reducing the pressure of marcoalgal 
overgrowth on corals (Tarn 2005). In spite of the commercial value and ecological 
importance of the siganids, no population genetic studies on them have been done to 
elucidate the basis for the setting up of potential management units in the SCS. 
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1.5 Objectives and significance of the study 
In recognition of the knowledge gaps mentioned above, the objectives of this thesis 
research were therefore as follows: 
1. To investigate the level of connectivity of the Seagrass rabbitfish (Siganus 
canaliculatus/ S, fuscescens) in the South China Sea with an aim to identify 
potential fisheries management units within the region; 
2. To address the systematic problem associated with the Siganus canaliculatus / S. 
fuscescens species complex in the region. 
1.6 The target species in the present study 
1.6.1 Family Siganidae 
Seagrass rabbitfish was chosen as the target species in this study because of its wide 
distribution in the South China Sea region, its high commercial value and moderate 




Fishes of the family Siganidae are under the class Actinopterygii, order Perciformes 
and suborder Acanthuroidei. This family consists of a single genus Siganus, with 28 
nominal species recognized so far based on their morphology and color patterns 
(Woodland 1990，Randall and Kulbicki 2005). In Latin, "siganus" stands for rabbit. 
Members of this genus are popularly known as rabbitfishes due to the similarity of 
their snouts (Froese and Pauly 2010). 
This genus has been subdivided into two subgenera, Siganus and Lo. The subgenus 
Lo consists of five species, which are characterized by a prominent, tubular snout, 
while the other 23 species of the subgenus Siganus possess pointed, blunt or tumid 
snouts (Woodland 1990). Of these 28 species, 13 school throughout their life and the 
others live as pairs on coral reefs. They are found throughout the tropical and 
subtropical Indo-Pacific region, from East Africa to French Polynesia, except the 
Hawaiian Islands and Easter Island. Like most groups of the Indo-West Pacific shore 
fishes, the species richness of Siganidae is highest in the Philippines, Indonesia and 
New Guinea, with up to 15 species reported in Indonesia. The number decreases with 
increasing latitude, and also gradually towards the east or west of Indonesia. This 
drop is most obvious from coral reef to non-coral reef areas. For example, there are 
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11 species in Ryukyu Island while only two species appear in southern Honshu in 
Japan. 
Siganidae is unique among fishes in having pelvic fins with two strong spines 
separated by three soft rays. The spine of the dorsal fin as well as the f ^ spine of 
the anal fin are venomous. They are essentially marine and attain moderate size. The 
adults usually reach 20-30cm in standard length but the largest species can attain up 
to 50cm in length. In general, they occur in shallow water less then 15m in depth, 
though two species could be found down to 40 m. As suggested by their single row 
of flattened, close-set teeth, they are mostly herbivorous that feed primarily on 
seaweed. They are not restricted to a single habitat but move between estuaries, coral 
reefs and rocky shores. Some of the pairing species lead a sedentary existence with 
hard corals, while other schooling species migrate with the tides between different 
habitats like mangroves and seagrass flats. Though the geographic range of many 
species is extensive, there is little variation in the ‘normal, color pattern (the color 
usually assumed) within the species. Some species will display the camouflage 
(fright) pattern, mottled with dark and light brown shades, to obscure the original 
colors and patterns when they are threatened or asleep. 
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Some studies have been done on the reproductive biology of the schooling species. 
In general, except Siganus argenteus which spawns pelagic eggs, eggs of the siganids 
are adhesive and demersal, hatch after one to three days and yolk sac adsorption is 
completed in about three or four days (Lam, 1974). Larvae are pelagic and feed on 
phytoplankton and zooplankton. Larval life span varies among species, about three 
weeks in Siganus fuscescens and S. canaliculatus, and three to four weeks in Siganus 
vermiculatus (Hasse et al 1977). The larvae develop in the plankton and then move 
inshore to settle into the adult habitat. Fish are 15-20 cm long and sexually mature in 
one year. Some species survive into their or even year. Spawning event is 
synchronized with the lunar cycle (Lam, 1974; Woodland, 1990; Hoque et al 1999; 
Takemura et al 2004)，and repeated spawning may occur over two or three 
consecutive months. It is believed that in most species, the adults will migrate to 
spawning sites during the spawning season and gather in large schools. Fecundity is 
apparently high, about 250,000-500,000 eggs per spawning season are laid (Lam, 
1974; Gunderman et al 1983). 
1.6.2 Difficulties in morphological differentiation in Siganidae 
The taxonomy of the family Siganidae has been extensively revised by Woodland 
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(1990). The difficulty he encountered in constructing keys for this family was 
primarily due to the remarkable uniformity of characters that fish taxonomists 
traditionally rely on to distinguish species. For examples, all species within the 
family have the same number of fin spines and soft rays. The number, as well as the 
shapes, of the teeth are all identical. For the gill-raker and scales counts, though they 
do vary between species, the within species variation is usually high or could even be 
higher than that between species. The overlaps in their distribution range are often 
too broad to be used for good diagnosis. All fishes in Siganidae are moderately 
deep-bodied, though having considerable variations in body depth. This is usually the 
only useful character for the identification of certain species group. Species within 
the species group are closely related and their body depth maybe virtually identical. 
Moreover, none of them is sexually dimorphic. Among the 28 species of this genus, 
at least seven pairs of sibling species having parapatric distribution are recognized 
based on the examination of their color pattern and morphological features 
(Woodland, 1990). Quoting Woodland (1990), "It has been these sibling species 
which have caused the most taxonomic confusion. They can only be distinguished 
easily by their color patterns." 
Mostly, differences in coloration were used for species identification as most 
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Siganids are ornately colored. However, this is not always satisfactory. Firstly, color 
notes of the species in their original descriptions are often inadequate. This can lead 
to misidentification and report of erroneous distributions. Secondly, unlike some 
brightly colored species, the fright pattern may remain in the drab species at death or 
after preservation and mask the normal pattern (Fig. 1.1). The fright pattern in these 
drab species is very similar — six dark brown zones alternating with six paler ones of 
equal width descending diagonally downward and forward across the sides. The 
zones are diffuse edged, speckled and not regularly shaped (Fig. 1.1 B). Also, there is 
a brown bar passing through the eye, three dark bands across the isthmus and thorax 
and often a prominent, eye sized brown spot astride the lateral line at the upper end 
of the opercular slit. Due to the similarity of this fright pattern in different species, it 
was suggested that it has no diagnostic value and can often lead to great difficulties 
in the identification of preserved specimens of the drab species. 
Besides the problems with the sibling species, hybrid-like individuals showing 
intermediate coloration between species occur frequently. This also causes difficulty 
in systematic analysis of the Siganidae (Woodland 1990; Kuriiwa et al. 2007). 
Therefore, employment of molecular tools is necessary to address the taxonomic 
problem of Siganidae, in addition to traditional morphological approaches. 
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1.6.3 Systematic studies of Siganidae by molecular methods 
The current state of taxonomy of marine organisms will influence our ability to 
assess and respond to changes, especially to the declining marine habitats. Being the 
most diverse habitat in the sea, many of the coral reef species have remained 
undiscovered (Neigel et al 2007). Owing to limitations of the traditional 
morphology-based identification, molecular tools are commonly used nowadays to 
address taxonomic problems, facilitating the discovery of species, definition of 
"molecular taxonomic units" and also understanding of the phylogeny of the species. 
Attempts were made to estimate phylogenetic relationships among siganids using 
allozyme analysis (Lacson and Nelson 1993). It was found that the deep-bodied 
species were separated from the shallow-bodied species. On the other hand, these 
authors were surprised to discover that S, vulpins, which is the only representative 
studied under the subgenus Lo, did not form a distinct clade and grouped with S. 
punctatus. Though the study was not a comprehensive one as only nine species were 
investigated, the result suggested the reliance of using snout shape as a diagnostic 
feature is questionable. 
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The phylogenetic relationships within the family Siganidae have been poorly known, 
until a few papers on this topic were published in the year 2007. From a phylogenetic 
study of 20 siganids species using cytochrome b and 16s rRNA genes as markers, 
three distinct clades were found (Borsa et al 2007). The first clade included the 
fusiform species which school on the inshore reef flats. The second clade consisted 
of the deep-bodied species, including brightly coloured ones which live in pairs on 
reef front after maturity, and species that appear in schools in mangroves and 
estuaries. The third clade was made up of S. argenteus, the only species known to 
have a pelagic, prejuvenile stage, and S. woodlandi, which is morphologically close 
to S. argenteus. Besides, species with tubular snouts are believed to have evolved 
within the deep-bodied clade resulting from ecological specialization. The 
constructed phylogeny of other studies utilizing partial cytochrome b sequence as 
barcode in Siganidae (Lemer et al 2007)，or using cytochrome b plus ITSl to 
investigate the phylogenetic relationship and natural hybridization of siganids 
(Kuriiwa et al 2007)，also revealed similar results. All these supported the separation 
of deep bodied from the shallow bodied species, as demonstrated earlier in the 
preliminary study using allozyme (Lacson and Nelson 1993). Though the separation 
of tubular snout species as subgenus Lo was considered to be of no genetic rationale 
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in the study by Borsa et al (2007)，the work ofKuriiwa et al (2007) showed the four 
longer snout species clustered together as a monophyletic group under the deep 
bodied clade, thus supports the proposal for having the subgenus Lo. 
Apart from identifying species of Siganidae into clades in relation to morphological 
and ecological traits, molecular tools were also found useful in addressing some of 
the sibling species problems. Within the family Siganidae, seven pairs, one triplet, 
and all five species of Lo were considered as sibling clusters by Woodland (1990). 
'Sibling' in here refers to taxa having similar, often indistinguishable, body 
proportions and similar though recognizably different colour patterns (Adams and 
Woodland, 1994). The pair S. luidus and S. spinus within the fusiform clade was 
proved to be two incipient species, as they showed clear differentiation in their 
cytochrome b and 16s rRNA sequences (Borsa et al 2007，Lemer et al 2007). While 
for the S. doliatus and S. virgatus pair, both cytochrome b and 16s rRNA (Borsa et al. 
2007, Lemer et al 2007) and ITSl sequences (Kuriiwa et al. 2007) revealed a 
genetic mosaic, suggesting a single species. However, for the pair S. canaliculatus 
and S. fuscescens, which has parapatric distribution and great similarity of body 
proportions and color patterns, contrasting conclusions were drawn by different 
studies. Adam and Woodland (1990) first tried to solve the species problem in this 
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sibling species pair by the application of allozyme. They concluded that S. 
canaliculatus is a valid species, and there may be an existence of one more cryptic 
species under S. fuscescens. Same result was also deduced in the more recent study 
using cytochrome b and 16s rRNA as markers by Borsa et al (2007). However, the 
study by Kuriiwa et al. (2007) using cytochrome b and ITSl as markers suggested 
that they are color morphs within a single biological species. This discrepancy 
among different studies maybe attributed to the small sample size and different 
sampling locations of the materials used and inaccurate species identification by 
morphology (color pattern) prior to the molecular analysis in these studies. The 
species problem of the S. canaliculatus and S. fuscescens pair thus remained 
unresolved to this date. 
Comparatively, little is known about natural hybridization of marine fishes, though 
there are some recent studies on hybridization of coral reef species, e.g. groupers 
(van Herwerden et al 2002), wrasses (Yaakub et al 2006) and butterfly fish 
(McMillan et al. 1999). Hybridization was also found in Siganidae (Kuriiwa et al 
2007). The hybrid-like individuals showing intermediate coloration between S. 
guttatus - S. lineatus, S. virgatus - S. doliatus and even the distantly related species S. 
coralliuns and S. puellus, were proved to be hybrids by the nuclear marker, ITSl 
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analysis (Kuriiwa et al 2007). The possibility of having small incompatibility 
between species with similar ecological traits in Siganidae was highlighted. 
1.6.4 Population genetic studies of Siganidae using molecular marker 
Population genetic studies of fishes have attracted more attentions in recent years. It 
is believed that genetic structure can reveal the biogeography, morphological or 
reproductive traits, dispersal ability and the connectivity among populations 
(Shulman 1998，Palumbi 2003). These information are essential for the management 
of our declining marine environment. 
However, population genetic studies of Siganidae have been scarce, mainly restricted 
to the Lessepsian species in the Mediterranean, S, luridus and S. rivulatus (Hassan et 
al 2003; Azzurro et al 2006). Since the opening of the Suez Canal in 1869，a total of 
59 Lessepsian fish migrants can now be found in the eastern Mediterranean, with S. 
luridus and S. rivulatus being the most successful species. The absence of genetic 
differentiation between Mediterranean and Red Sea populations revealed by mtDNA 
cytochrome b gene, Exon-Primed Intro-Crossing PCR amplification (EPIC) and 
Inter-Simple Sequence Repeats (ISSRs) suggests that the establishment of 
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Mediterranean populations involved large number of migrants from the Red Sea. The 
Lessespsian invasion ofS. luridus without bottleneck was further supported by a later 
study using mitochondrial control region as the molecular marker (Azzurro et al 
2006). Besides, the eco-physiological plasticity of these two rabbitfish was 
highlighted given that large differences in ecological conditions existed in the two 
seas. 
Genetic structure of populations is believed to be closely related to the dispersal 
potential of larvae and the pattern of oceanic current. In a recent study, two rabbitfish 
species, S. fuscescens and S. argenteus were used to test the above hypothesis 
(Magsion and Juinio-Menez, 2008). All sampling populations were confined to the 
eastern coast of the Philippines. Allozyme analysis showed no genetic structuring 
among the populations of the pelagic egg spawner, S. argenteus. In contrast, genetic 
structure was found in the demersal egg spawner S. fuscescens, in which the 
structuring was consistent with the North Equatorial Current bifurcation. This study 
demonstrated that broad scale physical factors affect the population genetic structure 
of Siganus species with different life histories differently. In another study, 
Yamaguchi et al, (2010) showed that although the two populations of S. fuscescens in 
Okinawa and Nagasaki in Japan are connected by the Kuroshio Current, cyt b 
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analysis revealed significant differentiation between them. Study of larger spatial 
scale and molecular marker with higher resolution are needed to reveal if current is 
the primary driving force in shaping the genetic structure of these S. fuscescens 
populations in NW Pacific. The understanding of connectivity among populations in 
a larger scale and the driving force behind it are essential for setting up conservation 
strategies for Siganidae, as well as for other reef associated species. 
1.7 Structure of the Thesis 
This thesis research is divided into five chapters. In Chapter 1，an introduction to the 
crisis of world fisheries was given. Background information on Marine Protected 
Areas, connectivity of fish populations, important studies in the SCS region and the 
target species in the present study was also illustrated. In Chapter 2，the population 
genetic structure of the Siganus canaliculatus/ S, fuscescens species complex was 
investigated by using the mitochondrial DNA control region. In Chapter 3, 
morphometric measurements and spots counts were employed to ascertain whether 
the genetically differentiated groups obtained in Chapter 2 can be revealed by their 
morphology. In Chapter 4，the phylogeographic and taxonomic status of the species 
complex was elucidated by integration of data from genetics and morphological 
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studies in the previous chapters. Finally, a general conclusion on results in Chapter 2 
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Fig. 1.1 Pictures of S. canaliculatus/ S. fuscescens species complex showing (A). 
normal color patterns, fish collected from Hong Kong; (B). Fish in sleeping 
status, displaying fright pattern. Picture taken from Taiwan (after Shao 




Population structure of Siganus canaliculatus/S. fuscescens species 
complex in the South China Sea based on analysis of the 
mitochondrial DNA control region 
2.1 Introduction 
In recent decades, global degradation of fisheries resources, especially in the coral 
reef areas is becoming eminent (McManus 1997; Bryant et al 1998). More 
researches are increasingly focusing on ecosystem-based management of reef 
provinces and the mechanisms of connectivity between populations of marine 
species, with aims at providing useful information for effective management of 
fisheries resources. 
Given the large areas to be managed for fisheries resources, the boundaries of these 
fisheries units may be beyond any defined management entity or national boundaries 
under which different political and administrative systems are in place. Hence, the 
concept of "transboundary management units” was raised (Ablan et al 2002). Large 
marine ecosystems (LMEs) were proposed for fisheries management, which 
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represent regions with linked populations under unique hydrographic regimes and 
.underwater topography (Ablan et al 2002). The South China Sea is the largest 
among the four LMEs identified in Southeast Asia, which included mainland China, 
Taiwan, Vietnam, Cambodia, Thailand, the Philippines, Singapore, Brunei, 
Indonesia and Malaysia (Ablan et al. 2002). However, these LMEs are applied 
mainly on the management of pelagic species. Since most reef fisheries species 
involved an adult phase that is relatively more sedentary, identification of smaller 
management units within these LEMs for effective reef conservation is urgently 
needed. 
Reef fish species tend to have wide geographic distribution. Approximately as many 
as half of all Indo-Pacific reef fish species were thought to have their range of 
distribution spanning over or even beyond the Indo-West Pacific (Gill and Kemp 
2002). Given the heterogeneity in marine environment and the spatial affinities of 
reef habitats, adult reef fishes are patchily distributed, with separation as much as 
hundreds or even thousands of kilometers, crossing deep open ocean or ocean basins. 
How these populations are connected, i.e. in an open system where recruitment in 
one population is continuously being replenished by other populations; or, in a 
closed system with self-recruitment in which larvae of one population are retained in 
30 
Chapter one 
their natal habitat, would play a crucial role in the fundamental biology, 
.management and conservation of the species (Mora and Sale 2002). As most adult 
reef fishes have limited mobility, long distance dispersal is believed to occur in their 
early life history phases. Hence, the dispersal ability of eggs and larvae of reef fish 
species are topics of intense research in order to answer the questions on mechanism 
and intensity of population connectivity, which is essential for reef resources 
management, e.g. the future design, and the evaluation of existing marine protected 
areas (MPAs). 
It has long been a great challenge for scientists to delineate the dispersal patterns of 
marine organisms with pelagic larval phases. The minute size of the larvae, a broad 
spatial area involved and the relative inaccessibility of the marine environment, all 
contributed to the difficulties in investigation on marine larval dispersal and hence, 
the population structures (Sala-Bozano et al. 2009). Owing to the difficulties in 
direct observation and tagging of larvae in the marine environment, genetic markers 
have now been used as a tool for assessing larval dispersal ability. Scientists used to 
believe that the dispersal potential of a species is directly proportional to its pelagic 
larval duration (PLD). However, recent studies revealed a complex interaction 
between ecological factors, larval behavior and physiology (Bay et al 2006; Bowen 
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et al 2006). Larval dispersal abilities may also vary even among species of the same 
/ family. Comparative studies could therefore play a vital role in addressing the 
processes driving the dispersal and differentiation of populations as they allow for 
factors to be isolated and controlled (Bohonak 1999; Bay et al 2006). For example. 
Bay et al (2006) worked on five species of coral reef fish under the same family 
Pomacentridae in the Great Barrier Reef, in which all these species performed 
benthic spawning and possessed similar habitat use, life histories and geographic 
distribution. Hence, the effect of length of PLD alone on differences in the 
population structure of these species could be better revealed. 
A large scale genetic study on the damsel fish Dascyllus trimaculatus in South 
China Sea (SCS) was completed in 1999 (Ablan et al 2002). This damsel fish is 
highly territorial and has a PLD of about 21-25 days. Based on 12 polymorphic 
allozyme markers from 16 sites in six countries or regions (Malaysia, Philippines, 
Indonesia, Vietnam, Taiwan and Solomon Islands), four major sub-provinces in the 
SCS and adjacent areas were suggested: (i)West Pacific group covering east of the 
Philippines and southeast of Taiwan; (ii) North central group covering northwest 
Taiwan, northern Vietnam and northwest Philippines; (iii) Southwestern group 
covering south Vietnam and eastern coast of mainland Malaysia; and (iv) Southern 
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group covering south and central Philippines, east Malaysia and central Indonesia. 
/ Another study on Six Bar Wrasse {Thallsoma hardwicki) was conducted in the 
similar region later (Chen et al 2004). This fish has a PLD of about 44-47 days. 
Although the scale of sample collection was smaller, and mitochondrial DNA 
control region was used as the marker, AMOVA results showed that the populations 
could be separated into three major groups, which is consistent with the mesoscale 
boundaries proposed before by Ablan et al (2002) using allozyme markers. These 
two studies suggested that fish with different PLD and life styles have similar 
population genetic structure. It was proposed that these mesoscale boundaries may 
apply to a wide range of reef fish. However, more species from different taxa, 
especially those commercially important ones, are required to test this hypothesis 
and to evaluate the implications of this on the management of reef associated 
fisheries in the South China Sea. 
The rabbitfish Siganus canaliculatus and Siganus fuscescens are two sibling species 
under the family Siganidae which are distributed extensively in the Indo-Pacific 
region. In China, they are abundant in the South China Sea but less common in the 
East China Sea (Zhang et al 1960). They are seagrass or reef associated herbivorous 
fish, with short life span, fast growth rate and early stage of maturity. They usually 
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occur in shallow waters less then 15 m in depth, and could be found in diverse 
‘habitats such as estuaries, coral reefs, seagrass bed, rocky shores (Woodland 1990) 
and even polluted harbors (Comish and Sadovy 2000). Their reproductive and life 
history traits indicated moderate dispersal capability. They reach sexual maturity in 
one year, and will migrate to spawning sites in large schools to lay demersal eggs. 
The larvae will stay in the water column for about 21 days before they settle to the 
habitat and perform schooling. The group size will reduce with increasing individual 
length. They are the major herbivorous fish in Hong Kong (Tarn 2005) and southern 
Japan (Yamada et al 2006)，where herbivores were suggested to play an important 
role in keeping the coral healthy by reducing the effects of repeated macroalgal 
disturbance on corals (Tarn 2005). Regarded as a commercially important species, 
they are caught with various gears in coastal waters worldwide. In 2002, 149 tonnes 
of S. canaliculatus were caught in the United Arab Emirates, and a recent study 
indicated that the stock is overexploited in that area (Grandcourt et al. 2007). 
One of the few population genetics study involving S. fuscescens was published in 
2008 by Magsino and Juinio. Nine populations of S. fuscescens along the eastern 
coast of the Philippines were investigated using allozymes. The results showed 
significant genetic structuring between the northern and southern regions as 
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influenced by the North Equatorial Current bifurcation. However, though significant, 
‘ t h e percentage variation between the two groups is very small (2.63%). A larger 
scale study with more sensitive molecular marker is needed to reveal their 
population structure in the South China Sea. The other one was published in 2010 by 
Yamaguchi et al, about the biology of herbivorous fish in western Japan. Only two 
populations were involved in the genetics study using cyt b, which revealed 
significant genetic difference (Fst value) between the populations of S. fuscescens 
from Nagasaki and Okinawa. Morphological differences between the two 
populations were also highlighted. However, as the primer used was not stated in the 
study, direct comparison with the phylogenetic study of Siganidae by Kuriiwa et al. 
(2007), which also involved the Japanese S. fuscescens in a wider geographic range, 
is not feasible. 
The present study aims to investigate the population structure of canaliculatus! S. 
fuscescens in the South China Sea, and to test whether the major sub-provinces as 
identified by Ablan et al. (2002) and Chen et al (2004) can be applied to this 
commercial, reef associated species with moderate dispersal potential. 
Mitochondrial control region was chosen as the molecular marker, as its haploid 
nature, availability of universal primers and high mutation rate have proved to be 
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useful in population studies. Its high nucleotide and haplotype diversity could 
z provide the necessary variation for investigation of subdivision and gene flow (Avise 
2000; Wang et al 2000; Schultheis et al., 2002). Moreover, better comparison of 
results with previous studies in the South China Sea can be made as mtDNA was 
applied in most of these studies. Results from the present study are also expected to 
provide insights on the phylogenetic relationships among populations of this species 
in the South China Sea. Samples from the Indian Ocean, i.e., Phuket, Thailand, was 
also collected to test the prediction that great phylogenetic break is present in most 
marine organisms between the two ocean basins. Nevertheless, whether S. 
canaliculatus and S. fuscescens, with remarkably similar appearance and coexist in 
the sampling sites in the present study, are two valid species or just color morphs of 
one single species remains controversial (Woodland 1990; Kuriiwa et al 2007). 
Therefore, all individuals collected for this study were regarded as Siganus 
canaliculatus/ S. fuscescens species complex, with no bias made prior to the 
investigation. 
2.2 Materials and methods 
2.2.1 Collection of specimens 
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z Specimens of S, canaliculatus/ S. fuscescens species complex were collected from 
11 localities, including Japan (JP), Taiwan (TW), Xiamen (XM), Sanwei (SW), 
Hong Kong (HK), Xuwen (XW), Guangxi (GX), Sanya (SY), Philippines (PP), 
Kuantan (KT) and Phuket (PK) (Fig. 2.1, Table 2.1). Except for JP, about 30 
individuals were collected in each of these selected sites. All fish were purchased 
from the local fish markets to ensure they are from the local population or were 
collected from local fishers. In Hong Kong, some of the fish were collected by hook 
and line. All fish were collected alive or within no more than 2 hours after death. 
Caudal fin clip of each fish was cut and preserved in 95% ethanol soon after 
collection. Ethanol used to immerse the tissue sample was changed on the next day 
to maintain good preservation condition. The rest of the fish tissue (body part) was 
stored in -20�C in the laboratory for further morphological investigation. 
2.2.2 DNA extraction, PGR amplification and sequencing 
Total genomic DNA was extracted from the caudal fin clip of each individual using 
the G-spin genomic DNA extraction kit for cell/ tissue (Intron, Gyeonggi-do, Korea). 
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Amplification of the mitochondrial DNA control region was accomplished using 
, un ive r sa l primers GR-A L15995 (5'-AATTCTCACCCCTAGCTCCCAAAG-3') and 
CR-E H16498 (5'-CCTGAAGTAGGAACCAGATG-3') (Lee 1995). The 
amplification was conducted in a reaction mix containing 1 / /L of template DNA, 
IX Mg2+free PCR reaction buffer, 2 mM MgCh, 200 nM of each primer, 200//M 
dNTPs (Invitrogen, Carlsbad, CA, USA), 1.5 units of Taq polymerase (Invitrogen, 
Carlsbad, CA, USA) and ddHzO to a total volume of 20 " L. The thermal cycling for 
the control region was as follows: 3 min at 94°C for initial denaturation, 31 cycles of 
35 s at 94°C, 35 s at 48°C, 35 s at 72°C and a final extension for 3 min at 72°C. The 
quality and molecular size of PCR products were assessed using 1% agarose gel 
electrophoresis. The PCR products were then purified using the PCRquick-spin PCR 
Product Purification Kit (Intron, Gyeonggi-do, Korea), or the MEGAquick-spin 
PCR and Agarose Gel DNA Extraction kit (Intron, Gyeonggi-do, Korea) in case 
there were smears or sub-bands present. The purified products were sent to 
commercial company, either Tech Dragon Inc. (Hong Kong) or Macrogen Inc. 
(Seoul, Korea) for automated sequencing. Sequencing was conducted under 
BigDyeTM terminator cycling condition and run by Automatic Sequencer 
ABI3730xl in both companies. 
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2.2.3 Sequence analysis 
/ 
Sequences were aligned using MEGA version 4 (Tamura et al 2007) followed by 
manual editing. Molecular diversity indices, such as number of haplotypes, 
polymorphic sites, haplotypes diversity {h) and nucleotide diversity ( tt ) were 
obtained using the program ARLEQUIN (version 3.11, Excoffier et al. 2005). 
The phylogenetic relationships among populations were analyzed using neighbor 
joining (NJ) and maximum parsimony (MP) methods by the software package PAUP 
4.0 Beta (Swofford 2000)，and Bayesian inference (BI) by MrBayes v.3.12 
(Ronquist and Hudlsenbeck 2003). For MP tree, heuristic search with 10 random 
addition sequences was employed. For NJ and BI, genetic distances were generated 
for reconstruction using the best fit model HKY+Q as suggested by the program 
MODELTEST ver. 3.7 (Posada and Crandall 1998). For Bayesian inference (BI), 
two independent Markov-chain-Monte-Carlo searches with random starting points 
were conducted for each data set for 3,500,000 generations, recording trees once 
every 100 generations. The bum-in value was set to the later third-forth sampling 
trees when stationary was reached. Posterior possibility was then calculated from the 
sampled trees to illustrate the statistical confidence for the BI tree. Available 
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sequences of 23 Siganus rivulatus (EUl 76969-EU176991) and two Siganus luridus 
z (EUl76968，EUl76967) from GenBank were added into the tree for outgroup 
comparison, as they are phylogenetically closely related to S. canaliculatus and S. 
fuscescens (Borsa et al 2007). 
Population structure was measured with the analysis of molecular variance 
(AMOVA) and pairwise Ost values, as implemented in the program ARLEQUIN 
(version 3.11, Schneider et al. 2005) with 10,000 permutations. As the HKY+G 
model given by MODELTEST is not available in ARLEQUIN, genetic distances 
were corrected using Tamura and Nei model of nucleotide substitution with a 
gamma correction (1= 0.014). TCS version 1.2.1 (Clement et al. 2000) with 95% 
parsimony criterion was used to construct the haplotype network and to determine 
the genealogical relationships among all haplotypes. 
The historical demography was first investigated using mismatched distribution 
which is based on the observed number of pairwise differences among sequences. 
The concordance of the observed data with the expected distribution underlying the 
expansion model of Rogers (1995) was assessed. The distribution is unimodal for 
populations that experienced a recent demographic expansion, while it is multimodal 
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in populations at demographic equilibrium. The tau ( r ) value obtained from the 
- analysis can be transformed to estimate the time since expansion with the equation 
r = 2ut, where t represents the time since expansion and u represents the mutation 
rate for the whole sequence. The rate of heterogeneity across Groups was tested by 
using the likelihood ratio test implemented in the program PAUP (Swofford 2000). 
The likelihood ratio chi-square can be calculated as -2Log LR, where LR is the 
difference between the -log likelihood of the tree with or without the enforcement of 
molecular clock. It follows a chi-square distribution with n-2 degrees of freedom, 
where n is the number of sequences. The molecular clock of control region varies 
among species of bony fishes. An average rate of about 3.6% per million years was 
calculated for fish of the genus Centropomus (Donaldson and Wilson 1998)，while 
the fast evolving 5，region of the control region of the damselfish Chromis chromis 
(Domingues et al 2005), white sturgeon (Brown et al 1993) and the butterflyfishes 
(McMillan and Palumbi 1997) were found to vary at a rate of 8.2-9.3%, 11-13% and 
33%-100% per million years respectively. In the present study, a molecular clock of 
3%-10% was applied for analysis. Besides, Tajima's D-test (Tajima 1989) and Fu's 
Fs test (Fu 1997) were used to test for neutrality of the marker. Negative values are 
expected for both tests if the populations experienced a recent demographic 
expansion. The mismatch distribution, Tajima's D-test and Fu's Fs test were all 
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performed in ARELEQUIN with 10000 permutations. 
2.3 Results 
2.3.1 Genetic diversity 
After alignment, a fragment of mitochondrial DNA control region consisted of 367 
bp was obtained from 313 specimens of S. canaliculatus/ S. fuscescens species 
complex from 11 localities. The number of sequences determined for each locality is 
shown in Table 2.1. Among the 94 haplotypes, 59 variable sites were found and 47 
of them are parsimony informative. In general, the haplotype diversity was high 
which ranged from 0.7906土0.0535 in HK to 1 士0.2722 in JP, while the nucleotide 
diversity was relatively low, and ranged from 0.008016士0.004830 in PP to 
0.035975士0.018551 in TW (Table 2.1). The overall haplotype and nucleotide 
diversities were equal to 0.8932土0.0155 and 0.028298士0.14313 respectively. 
2.3.2 Phylogenetic analysis and population genetic structure 
In order to compare with the outgroup sequences from GenBank for phylogenetic 
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relationship analysis, all sequences were shortened to 355 bp, excluding the first 12 
- b p . The topology of trees constructed by NJ, MP and BI using the 313 sequences 
from this study and 26 sequences from GenBank (one S. fuscescens, 23 S. rivulatus 
and two S. luridus) is essentially consistent. No clear groupings associated with the 
geographic location of the individuals was found, yet four main groups could be 
identified (Fig. 2.2). The distribution of the three groups representing the S. 
canaliculatus/S. fuscescens species complex is presented on the map in Fig. 2.3. 
Two lineages could be identified by the tree constructed by MP and BI. The first 
lineage consisted of two groups, namely Group One and Group One A. Group One 
is the biggest group which represents over two-thirds of all sequences sampled in the 
present study (Table. 2.2) and is widely distributed in all populations. Only one 
sequence from PK population fell into this group, while all sequences from PP were 
confined in it. Network of Group One was star-like (Fig. 2.4) with a dominant 
haplotype shared by most populations except JP and PP, representing 31% of all 
sampled individuals. The second most common haplotype represents about 6% of all 
sampled individuals, shared by eight populations including TW, XM, HK, GX, XW, 
SY, PP and KT. Subgroups within Group One were not associated with geographic 
locations, except a few PP individuals clustered in a small subgroup. Group One A, 
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though in fact was a subgroup nested within Group One, was named separately due 
- t o its high differentiation with other sequences in Group One (Table 2.2, Figs. 2.2, 
2.3，2.4). Group One A was the smallest group identified and could be found in 
seven populations. A decreasing trend of frequency of Group One A seemed to occur 
along the coast of the South China Sea from TW to KT, where 14% was found in 
TW and 4% was found in KT, but none was found in GX, PP and PK. 
The second lineage consisted of the other two monophyletic groups, namely Group 
Two and the S. rivulatus group. Both of them were supported with very high 
bootstrap values. Group Two was smaller compared with Group One. It contained 
52 individuals distributed in nine populations (Table 2.2, Figs. 2.2, 2.3, 2.5). Over 
90% of individuals in PK are in Group Two, and a subgroup of Group Two was 
found exclusively in PK, as shown in the haplotype network (Fig. 2.5). However, 
Group Two was not observed in JP and PP populations. On the other hand, all 23 S. 
rivulatus sequences obtained from GenBank clustered together, forming one single 
group supported with high bootstrap value, i.e. over 90% in all three phylogenetic 
trees constructed. The sequence divergences between Groups were: One/Two: 5.5%; 
One/One A: 3.2%; One/ S. rivulatus: 4.8%; Two/One A: 5.6%; Two/ S. rivulatus: 
4.1%; Three/ S. rivulatus: 6.5% (Table 2.3), while the divergences between Groups 
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One, One A, Two and S, rivulatus with the outgroup {S. luridus) were 6.8%, 7%, 
‘ 7.5%, and 7.5% respectively. 
The population structure was estimated from 10 populations, excluding JP due to its 
small sample size. From the results of pairwise OST values between populations 
(Table 2.4)，the genetic differences between PK and all other nine populations were 
strong (OST=0.66-0.988) and highly significant (p<0.001). For PP, most of the 
pairwise OST values were significant (PP vs. TW/ XM/ SW/GX/XW/PK) and 
ranged from 0.417 in PP vs. TW to 0.988 in PP vs. PK. The pairs GX vs. XM and 
GX vs. XW were also significantly different, with pairwise OST values equal to 
0.402 and 0.290 respectively. 
Groupings between populations based on the geography and the previous studies in 
the South China Sea region (Ablan et al 2002; Chen et al 2004; Zhang et al 2006) 
were tested using AMOVA. The sampling location in Taiwan, Chi-lung is located 
between the boundaries of North Central and West Pacific groups identified by 
Ablan et al (2002). In the present study, when groupings based on Ablan et al 
(2002) and Chen et al (2004) were used, TW population was grouped within the 
North Central grouping together with all populations in coastal China as this yielded 
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higher OCT- From Table 2.5, highest significant differentiation was found when the 
丨 populations were arranged into three groups: (i) PK population in the Indian ocean, 
(ii) the northwestern PP population in the eastern region and (iii) all those 
populations from China plus the Kuantan population (TW, XM, SW, HK, XW, GX, 
SY，KT), with(l)cT=0.58 (p<0.05). Samples from PK were subsequently excluded to 
investigate the genetic structure in the South China Sea alone. In general, the Oct 
values were low and not significant (Table 2.6). The highest significant 
differentiation was found when the South China Sea populations were divided into 
three groups: (i) the northern region including TW and XM; (ii) the central region 
including SW,SY, XW, HK and KT; and (iii) PP in the eastern region, with O C T = 
0.196 (p<0.05). 
2.3.3 Historical demography 
All Tajima's D values were negative, but only the result of Group One rejected the 
null hypothesis of neutral evolution of the marker (Table 2.7). For Fu's Fs test, both 
results from Group One and Group Two were negative and highly significant 
(p<0.001), which indicated population growth or genetic hitchhiking. The mismatch 
distributions for all three groups were unimodal (Fig. 2.6) and well fitted to the 
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expected distribution under the sudden expansion model. The result from the 
\ likelihood ratio (LR) test showed insignificant rate of heterogeneity among groups, 
hence the molecular clock can be applied for age estimations. The age expansion 
parameter, tau value ( r ) in Group One was found to be 3.769，which was the 
largest among the three groups. For Group Two and Group One A, the tau values 
were 2.367 and 2.709 respectively. Applying the mutation rate of 3% to 10% in the 
control region, the estimated time of expansion for Group One was about 
51,000-171,000 years ago. For Group Two and Group One A, the estimation was a 
bit lower, about 32,000-107,000 and 37,000-123,000 years ago respectively. 
2.4 Discussion 
2.4.1 Genetic diversity and demographic history 
The S, canaliculatus/ S. fuscescens species complex showed very high haplotype 
diversity (/p=0.8932) but relatively low nucleotide diversity (;r =0.028298) in the 5’ 
region of the mitochondrial control region. This high haplotype diversity was 
comparable to that in other studies of fishes, such as the six bar wrasse (Chen et al. 
2004)，fourline wrasse (Froukh et al 2007) and crimson snapper (Zhang et al 2006) 
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which involved the use of mitochondrial control region fragments; and those 
studies in false clown anemonefish (Timm and Kochzius 2008), neon damselfish 
\ (Liu et a/.2008), three spot dascyllus (Bemardi et al. 2001) and the rabbitfish S. 
luridus and S. rivulatus (Azzurro et al 2006 ) using the same primers, CRA and 
CRE, as in the present study. As suggested by Nei (1987)，the high haplotype 
diversity within populations can be attributed to large population size, environmental 
variation and a life history with a high capacity for population increase. The S. 
canaliculatus/ S. fuscescens species complex in this study is very common and 
widely distributed in the South China Sea. It often occurs in large schools, 
suggesting the large population size. Moreover, its small size at maturity, together 
with the diverse habitats where it could be found may also contribute to its rapid 
population growth and enhance the maintenance of new mutations, thus explaining 
its high haplotype diversity (Mitton and Lewis 1989). 
Besides linking to the life history traits, four scenarios related to the historical 
demography of the species were suggested to explain the patterns of haplotype and 
nucleotide diversity of marine fishes (Grant and Bowen 1998): 1). Species with low 
h and low n，representing the occurrence of recent population bottleneck or founder 
event; 2). Species with high h and low n，resulted from population bottleneck and 
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fast population growth; 3). Species with low h and high n，probably due to the 
divergence between isolated populations with low effective population size; 4). 
\ Species with high h and high n，caused by secondary contact of different lineages, 
or long evolutionary history in large stable population. 
Results of the present study show S. canaliculatus/ S. fuscescens species complex to 
belong to category four suggested above, as both its overall haplotype and 
nucleotide diversities were high (h=0.8932, n =0.028298) when compared with 
those of other fishes (Grant and Bowen 1998). This suggests that different lineages 
in this species complex may already exist over a long evolutionary history in large 
stable populations. Based on the topology of the consensus tree (Fig. 2.2), three 
groups can be identified with high sequence divergence (Table 2.3). This supported 
the hypothesis that different lineages exist in this species complex. However, when 
the three groups were considered independently, though the haplotype diversity 
remains high, the nucleotide diversity dropped in all three groups. The lowest 
nucleotide diversity was found in Group One, and a star-like structure was observed 
in its haplotype network. This star-like structure indicated recent expansion in the 
population (Slatkin and Hudson 1991), and this finding was further supported by the 
significant negative values of both Tajima's D and Fu's Fs test detected for this 
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group. For the other two groups, though the negative Tajima's D values were not 
significant and non significant Fu's Fs value was also found in Group One A; the 
\ results testing the mismatch distribution of all three groups showed their 
distributions to be unimodal and thus fitted into the expected distribution pattern 
under the sudden expansion model. This further supports the hypothesis that 
population of S. canaliculatus/ S. fuscescens species complex had undergone rapid 
expansion after a period of low effective population size. Similar results were 
demonstrated by a wide variety of marine organisms in this region, such as coconut 
crab (Lavery et al 1996)，sea cucumber (Uthicke et al 2003)，and fishes like 
crimson snapper (Zhang et al 2006), six bar wrasse (Chen et al. 2003), Japanese sea 
bass and Japanese anchovy (Liu et al 2006a,b). Sea level changes during the glacial 
periods were suggested as the main reason causing the population bottle neck, 
followed by range expansion, as well as the demographic expansion of these species. 
During the period of lowered sea level, severe climate changes and loss of coastal 
habitats, together with the disruption of the overall community structure, e.g. 
decrease in food sources and the interacting species, led to local extinction of 
species over large part of their ranges (Hewitt 2000, Craig et al, 2007). Species 
range became fragmented; redistribution occurred in the remaining populations and 
survived inside the refugia. When the glaciers retreated, sea level rose and species 
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expanded their ranges. Genetic structuring might occur in some of the species, 
revealing the result of refugial isolation in the past. The S. canaliculatus/ S. 
\ 
fuscescens species complex which inhabits shallow waters could likely experience 
the same scenario as described, with the time of population expansion dated to the 
late Pleistocene period. 
2.4.2 Phylogeographical patterns 
Three groups of haplotypes were revealed in the S. canaliculatus/ S. fuscescens 
species complex from the phylogenetic analysis of mitochondrial DNA control 
region in the present study. Group One dominates the whole South China Sea 
populations, indicating an origin in the South China Sea. Group One A which is the 
smallest group, occurs in the South China Sea populations except GX, JP and PP, 
with a decreasing proportion from TW to KT populations. Its distribution pattern 
shows an origin located most probably in the northern South China Sea, or even 
somewhere further northward, i.e. the East China Sea. Although Group Two is 
scattered in most South China Sea populations in small proportion, it dominates the 
PK population, indicating that this group might have diverged from the Indian 
Ocean. Using a molecular clock of 3-10%, the estimated time of divergence for all 
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three groups was early to middle Pleistocene (320,000- 1,866,000 years before 
present). Geological events together with the lowering of sea levels during this 
\ 
period had led to land bridges formation, isolating the Indian Ocean from the Pacific 
Ocean, as well as the East China Sea from the South China Sea (reviewed in Randall 
1998; Voris 2000). Based on the distribution of all haplotype sequences in the 
present study, two main groups can be identified - the Pacific Ocean Group 
(composed of Group One and Group One A haplotypes) and the Indian Ocean 
Group (all Group Two haplotypes). 
During the early Pleistocene, the mean sea level was about 70m below present day 
level with moderate fluctuations, and was further lowered during the middle 
Pleistocene (reviewed by Van den Bergh et al. 2001). At present, the main pathway 
for dispersal of marine organisms between the Indian and the Pacific Oceans is 
through the Makassar Strait in Indonesia, in which water from tropical northwestern 
Pacific enters the Flores and Banda Seas, and then finally into the Indian Ocean 
(Williams et al. 2002). Alternately, this dispersal may also occur through the 
relatively minor pathway, the Strait of Malacca (Nelson et al 2000; Fang et al. 
2005). The low sea level during the Pleistocene would result in the exposure of the 
entire Sunda Shelf. This huge landmass acted as a physical barrier which blocked 
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both pathways, greatly limited the dispersal of marine organisms between the Indian 
and Pacific Oceans (Voris 2000). For the South China Sea, it was an enclosed inland 
\ sea during the Pleistocene glacial period. Its only connection with the Pacific Ocean 
was the Bashi Strait between Taiwan and Luzon Island (Voris 2000). On the other 
hand, during the early Pleistocene, a large magnitude of uplifting of the Ryukyu 
Cordillera base regenerated the land bridge which extended from eastern China to 
Taiwan, and reached the southern Ryukyu super-island (Ota 1998). Together with 
the connection of landmasses of eastern China, South Korea and Southern Japan, the 
East China Sea probably became isolated from the Sea of Japan, Pacific Ocean and 
the South China Sea. Therefore, the populations of S. canaliculatus/ S. fuscescens 
species complex which existed throughout the Indo-West Pacific region during the 
Pleistocene could have been isolated in three regions: the South China Sea, the East 
China Sea and the Indian Ocean. The long period of isolation of these three 
populations could have genetic consequences, resulting in the three groups of 
haplotypes as revealed from the sequence of mitochondrial control region examined 
in the present study. 
The large genetic differentiation between fish from the East and South China Seas 
was also highlighted in a recent study of redlip mullet (Liu et al 2007) which 
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demonstrated different lineages appearing in the two marginal seas. Population 
genetic study of kuruma prawn also detected significant variation between the 
northern East China Sea and the South China Sea populations (Tzeng et al. 2004). 
Yet, as the S, canaliculatus/ S. fuscescens species complex rarely appears in the East 
China Sea nowadays, samples could not be found during the collection trip to 
Eastern China in the present study. More samples from East China Sea or the 
Ryukyus Archipelago region may give further support to the hypothesis that the East 
China Sea was one of the important refugia for S. canaliculatus/ S. fuscescens 
species complex during the Pleistocene glacial periods. 
As the divergence between the Indian Ocean Group and the Pacific Ocean Group is 
greater than between Group One and Group One A within the Pacific Ocean, a more 
ancient divergence between the former is expected. Although the magnitude of 
differentiation can be affected by random genetic drift and different selection forces 
in different refugia, there are evidences suggesting the separation of the two ocean 
basins to be earlier than that between the two coastal China Seas (Hall 1998). The 
exposure of Sunda Shelf during the lowered sea level of Pleistocene greatly restricted 
the exchange between the two oceans; however, the interruption of free exchange 
between them was believed to start about 10 Mya ago when the chain of islands rose 
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between the oceans, forming the Indo-Malayan Archipelago (Hall 1998). With the 
formation of these physical barriers as a result of collision of Australian plate with 
the arcs to the north, a change in oceanic circulation pattern would significantly 
reduce the exchange of marine organisms between the two ocean basins. This took 
place far before the geological event that caused the isolation of East China Sea 
during the early Pleistocene (2.8-0.78 Mya) (Hall 1998). Study of the sibling species 
of lion fish {Pterois miles and P. volitans, Kochzius et al 2003)，with one distributed 
in the Indian Ocean (except Western Australia) and the other one distributed in 
Western Australia and Central Pacific, suggested a divergence time of 2.4-8.3 Mya 
that agreed well with the geological event mentioned above. Therefore, though the 
result of the present study suggested an early to middle Pleistocene divergence 
between the Indian and Pacific populations of S. canaliculatus/ S. fuscescens species 
complex, evidence showed that the geological event which restricted the dispersal 
between the two ocean basins may have began far earlier. However, it should be 
noted that the application of molecular clock with sequence divergence rate of 3-10% 
/Myr for the interpretation of divergence time is only a rough estimation, as different 
rates of evolution could be found even between closely related lineages (Zhang and 
Ryder 1995). Hence, any conclusion based on the estimated divergence time should 
be made with caution. 
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2.4.3 Phylogeographical patterns and present day oceanic currents 
Though the three groups of haplotypes associated with S. canaliculatus/ S. 
fuscescens species complex were likely to have originated from the two marginal 
seas in the Pacific and the Indian Ocean respectively, the present day distribution of 
populations having these three groups of haplotypes is not confined strictly within 
the respective geographic region. Group One A can be found in populations from the 
southern region down to eastern Peninsular Malaysia, the region near Singapore. 
The most common haplotype of Group One appeared in almost all populations, 
including the PK population in the Indian Ocean. Group Two haplotypes which 
dominated the PK population, nevertheless, also appeared in most of the South 
China Sea populations in small proportions. All these reflect relatively recent 
dispersal of the S. canaliculatus/ S. fuscescens species complex on the scale of up to 
two thousand km, across the two oceans. After the retreat of glaciers, sea level rose 
and the physical barriers between these three regions disappeared, hence allowing 
the secondary contact among the individuals which originated from different refUgia. 
Present day oceanic current is likely to shape the distribution of Group One and 
Group One A observed. During winter time when the northeast monsoon prevails, 
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the China coastal current will flow southward, bringing water together with adult or 
juvenile fish from the East China Sea into the South China Sea. However, the 
existence of Leizhou Peninsula and the Island of Hainan act as a physical barrier, 
which prevent the direct flow of China coastal current into the Beihai region where 
GX population is found. Restricted gene flow between the Beihai region and 
Shenzhen in southern China was also demonstrated from a previous study of 
yellowback sea bream using AFLP (Xia and Jiang 2006). Therefore, this could also 
probably explain why Group One A haplotypes are present in most coastal China 
populations of the S. canaliculatus/ S. fuscescens species complex, but not the GX 
population in the Beihai region in the present study. 
In contrast, the seasonal reversing of China coastal current can facilitate the 
distribution of Group One in northern South China Sea. Individuals from South 
China Sea can enter the Indian Ocean through the Strait of Malacca, reaching the 
Phuket region. Dispersal from Pacific into the Indian Ocean via the Makassar Strait 
was also shown by other studies involving the Indo-Malayan Archipelago (Williams 
et al. 2002). Regular exchanges of migrants between the two oceans were 
demonstrated in the surgeonfishes (Klanten et al 2007; Home et al 2008). More 
samples from the western South China Sea region, including the Gulf of Thailand, 
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may better reveal the mechanism of how individuals of S. canaliculatus/ S. 
fuscescens species complex from the two ocean basins come into contact. 
Interestingly, all three individuals of the JP population from northwestern Pacific 
possessed the Group One, rather than the Group One A haplotypes. Liu et al. (2008) 
proposed that during the last glacial maximum, the neon damselfish population in 




Japan might be too cold for damselfish to survive. The present population of S. 
canaliculatus/ S. fuscescens species complex in mainland Japan might be the result 
of recolonization after the retreat of glaciers, facilitated by the Kuroshio current i 
I which could bring individuals from the southern China region into Japan by crossing 
the Takara Gap in Okinawa. Though, slight difference was found between the S. � 
• I ] 
fuscescens population from Okinawa and Nagasaki in a recent study (Yamaguchi et \ 
al 2010)，evidence for introgressive hybridization in an anadromous fish, 
Gasterosteus aculeatus in NW Pacific has been reported (Yamada et al. 2007). 
Moreover, introgressive hybridization was also suspected to occur in the seaweed 
Sargassum hemiphyllum in Japan, as haplotypes of the variety chinense originated 
from the South China Sea, were found in individuals of the Japanese S. hemiphyllum 
(Cheang et al, 2010). This demonstrated the potential dispersal of marine organisms 
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from the South China Sea region into mainland Japan. On the other hand, the study 
of drifting seaweed by Komatsu et al (2007) indicated that seaweed released from 
Zhejiang Province in eastern China could travel across the East China Sea, entered 
the Kuroshio current and finally reaching the east coast of Kyushu Island in southern 
Japan in two months. Therefore, it is also possible for the fish which originated from 
the East China Sea to appear in Japanese population, and the absence of Group One 
A haplotypes in JP population in the present study may simply be due to the small 
sample size (three individuals only) examined. 
Nevertheless, the distribution pattern of Group Two haplotypes seems inconsistent 
with the present day pattern of ocean circulation. Besides the Malacca Strait which 
is regarded as a minor throughflow linking the southwest South China Sea and the 
Indian Ocean via the Andaman Sea (Nelson et al. 2000; Fang et al 2005), the 
Indonesian Throughflow is the only channel in the tropics that allows water 
exchange between the two ocean basins. It is widely known to carry warm and low 
salinity waters from the Pacific into the Indian Ocean (Lee et al. 2002). As reviewed 
by Godfrey (1996), the estimated flow from the Pacific to the Indian Oceans can 
reach about 20 Sv (Sv三 lOWs"^), while the flow in reserve direction is nearly zero. 
Also, the mean annual deep flow from Indian Ocean to the Timor Sea at 
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northwestern Australia is estimated to be very weak, less than 1 Sv (Schiller et al 
1998). Evidently, the present day ocean circulations do not support high dispersal 
from Indian Ocean into the Pacific Ocean. Though Group Two haplotypes 
dominated the PK population in Indian Ocean and were grouped into the same 
lineage as S. rivulatus’ distributed mainly in the Red Sea, whether this group really 
originated from the Indian Ocean may need further verification with more samples 
ti 卜 




evidence to show that considerable gene flows from Indian Ocean to the South 丨 
China Sea do exist, although the mechanism involved remains unclear. Population 
study of the barnacle Chthamalus malayensis by Tsang et al. (2008) suggested the 
I 
existence of an Indo-Malay clade, with genetic homogeneity found among the 
populations in the Indian Ocean, Singapore and Malaysia. This was proposed to be 
the result of recent post-glacial colonization event from the Pacific to the Indian 
Oceans through transport of planktonic larvae, as the haplotypes from the two 
oceans differ by only a few mutational steps. However, our present data are more 
likely to support the alternative hypothesis, i.e. the secondary contact of the Pacific 
Ocean Group and the Indian Ocean Group as the sequence divergence between the 
two groups was large, and they coexisted among the populations. El Nino-Southem 
Oscillation was believed to weaken the Indonesian Throughflow and even causing a 
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slight reverse in flow direction (Meyers 1996; Lee et al. 2002). Moreover, 
catastrophic events like tsunamis could occasionally reverse the pattern of current 
flow, allowing adult individuals or their eggs and larvae from the Indian Ocean to be 
carried into the Gulf of Thailand or Indonesia and hence into the South China Sea. 
Although no detailed information on this is available, but given that this region 
along the edge of Sunda Shelf is tectonically very active, such sporadic events may 





2.4.4 Population structure: Indian Ocean vs. Pacific Ocean i 
I, 
I - i 
I 
I Marine biogeographic barriers are known to exist for decades, with breaks in faunal 
I 
composition or differences in level of endemism between regions observed (Rocha i 
I 
et al. 2007). The Sunda Shelf Barrier is one of the major marine biogeographic : 
barriers recognized between the Indian and Pacific Oceans, where large land masses 
of the Indo-Malayan island archipelagos formed a physical barrier to the dispersal of 
marine organisms. Studies on population genetics of various marine organisms using 
different molecular markers have shown prominent genetic differentiation between 
the Indian and Pacific Ocean populations, such as crabs (Lavery et al. 1995) and 
damselfishes (Lacson 1994; Lacson and Clark 1995) using allozyme markers; 
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starfish (Williams and Briggs 1998)，butterflyfishes (McMillan and Palumbi 1995, 
1997) and seahorse (Lourie and Vincent 2005) using cyt b sequences; lion fish 
(Kochzius et al. 2003) using cyt b and 16S rDNA; boring giant clam (Kochzius and 
Nuryanto 2008) using COl sequences; false clown anemonefish (Timm and 
Kochzius 2008) using mitochondrial control region sequences; and prawns (Duda 
and Palumbi 1999) using elongation factor 1-alpha (ef l -a )gene. 
'1 
i i ！) 
I 
The present study on the S. canaliculatus/ S. fuscescens species complex involving | 
) 
the Indian Ocean (PK) and the Northern South China Sea samples also indicated a 
) 
significant genetic break between the Indian and Pacific populations. Pairwise OST I 
II 
i 
I values between PK and all other populations were highly significant. For all 
t 
significant groupings from AMOVA, the PK population was always isolated as a 
i 
subunit. Moreover, when PK population was excluded from the region groupings of ; 
AMOVA, the percentage of variation among regions dropped drastically and most of 
the groupings were not significant. All these indicated that the PK population from 
the Indian Ocean was clearly differentiated from all other populations from the 
South China Sea and this differentiation had a major contribution to the genetic 
structure of the S. canaliculatus/ S. fuscescens species complex in the present study. 
From Fig. 2.3，although the Group Two haplotypes also scattered sparsely in the 
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South China Sea samples, they mainly appear in the Indian Ocean, with 15 out of 16 
individuals from PK possessing Group Two haplotypes. Among these Group Two 
haplotypes found in the Indian Ocean, all of them are unique to the individuals in 
Indian Ocean and did not share with those in the South China Sea. These findings 
are consistent with those from Kuriiwa et al (2007), which showed extensive 
genetic differentiation of S. canaliculatus between the Indian Ocean and the western 
Pacific populations using cyt b and ITSl as the molecular markers. Their sampling | 
I ；(! 
sites were located in the Philippines, Southern Japan, Indonesia and the Andaman i 
� 
Sea in Thailand, a range that overlapped with that of the present study. An average 
J 
•J 




western Pacific S, canaliculatus individuals, while the intraspecific /7-distance for ； 
other rabbitfishes occurring in the Pacific were notably smaller, only about 0.4%. 
I I 
From the present results, sequence divergence of Group Two (mainly represented by \ 
individuals from PK) to Group One and Group One A (mainly represented by 
individuals from the Pacific Ocean) was about 6%, while the within group 
divergence was only about 1%. Hence, the presence of a phylogenetic break of 
marine organisms between the Indian and the Pacific Oceans is further confirmed by 
using the mitochondrial DNA control region in the present study. Some exchange of 
migrants between the two ocean basins might have occurred, however, in a relatively 63 
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recent time scales, leading to the present day distribution of the two groups of 
haplotypes. As suggested by Kuriiwa et al (2007), owing to the large genetic 
differentiation, individuals from the Indian Ocean and the western Pacific might 
represent two cryptic species, with hybridization occurring occasionally. Whether 
hybridization exists between them would need further examination with the use of 
nuclear markers. The probable presence of cryptic species in the S. canaliculatus/ S. 
% 
. } fuscescens species complex will be further explored in Chapter Four. i \\ I 
ii I 
J； 
2.4.5 Population structures in the South China Sea ：� i 
f 
I Population structure studies involving the northern South China Sea region have j 
9 
been relatively limited. In the present study, populations of the S. canaliculatus/ S. 
I , I 
fuscescens species complex were first grouped for AMOVA analysis based on the ‘ 
genetic structure suggested for crimson snapper (Zhang et al. 2006), damsel fish 
Dascyllus trimaculatus (Ablan et al. 2002) and six bar wrasses (Chen et al 2004) in 
the South China Sea region. As these previous studies did not include samples from 
the Indian Ocean, two grouping methods were tested, i.e. 1). PK population grouped 
with the KT population; and 2). PK and KT populations as two individual groups. 
Though all four groupings were significant, AMOVA revealed low differentiation 
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among groups when PK was grouped with KT, indicating the high differentiation 
between PK and KT populations despite PK being closer to KT than to all the other 
populations from the South China Sea. Both groupings according to Zhang et al 
(2006)，Ablan et al. (2002) and Chen et al (2004) with separation of PK population 
showed significant and relatively high differentiation. However, the highest 
significant differentiation appeared when the PP population was separated from the 
� 
other South China Sea populations as one group, i.e. n 
ll I 
(PP)(XM,TW,HK,GX,XW,SY,SW,KT)(PK), rather than with the separation of KT | 
population. Based on the results of pairwiseOsT, although KT is located far from the ； 
丨i 
rest of the South China Sea populations (i.e. >2000 km away from HK by sea 
i 
i I distance), it is not significantly different from these populations except PP. In 
contrast, though PP is geographically close to the other populations (i.e. < 100km | 
^ I 
away from HK by sea distance), significant differences were found between PP and • 
most of the South China Sea populations. This apparent paradox may be attributed 
to the patterns of oceanic current in the South China Sea, the largest marginal sea in 
Southeast Asia. Situated in the monsoon regime, seasonal circulation in the South 
China Sea is affected mainly by the monsoon winds which shift semiannually. 
Hence, the surface currents also show a seasonal reversal in direction in the absence 
of major oceanic inflow (Hu et al 2000). In winter, the China Coastal Current brings 
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water along the coast of China, from the East China Sea into the South China Sea. 
By the South China Sea Southern Cyclonic Gyre, the current will continue to flow 
southward reaching the region near Singapore, thus facilitating the gene flow among 
these coastal regions. During summer time, the southern part of the China Coastal 
Current reverses its direction, flowing from South China Sea into East China Sea. 
Hence, high level of connectivity of marine organisms is expected to occur along the 
coast of China, leading to genetic homogeneity as a small amount of gene flow is ！ 
i 




S. canaliculatus/ S. fuscescens species complex under investigation in the present : 1 
I 
study is expected to have high dispersal potential, owing to its relatively long 
pelagic larval duration of 21 days and its ability to inhabit almost all kinds of coastal 
habitat such as estuaries, coral reefs, seagrass bed, rocky shores (Woodland 1990) 
J 
and even polluted harbors (Sadovy and Cornish 2000). From the results of AMOVA, j 
highest significant difference appeared when all these coastal populations in China 
and Kuantan were grouped as one single group, i.e. (PP)(XM, TW, HK, GX, XW, 
SY, SW, KT)(PK), indicating low genetic structure within these populations. On top 
of this, the sharing of a high proportion of common haplotypes among the South 
China Sea populations (Fig. 2.3) provides additional piece of evidence supporting 
the hypothesis of high connectivity along the coast of South China Sea in fish 
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species with high dispersal capability. 
For the northeastern South China Sea region, the currents are more complicated as 
they are influenced by both the Kuroshio Intrusion and the existence of cyclonic 
eddies besides the semiannually reversing monsoon winds (Hu et al 2000). In 
northwestern Philippines, the Luzon Cyclonic Eddy occurs in the winter. It was 
•I 




eddy current probably restricted the connection between the population in j 
I) 
northwestern Philippines (where the PP population of the present study was t • ^ 
collected) and the populations located along the coast of China. This could have ！ 
I 
contributed to the strong genetic differences between the PP population and all other 
populations from northern South China Sea, as shown from the pairwise O ST results. 
“ I 
i 
Some PP samples clustered to form a small subgroup in the TCS network, indicating : 
isolation for a relatively long period of time. However, this isolation was unlikely to 
be a complete one as common haplotypes are still shared among the PP and the other 
South China Sea populations, indicating the presence of a certain level of gene flow. 
After all, it is evident that the pattern of present day oceanic currents continuous to 
be essential in shaping the population genetic structure of S, canaliculatus/ S. 
fuscescens species complex in South China Sea region in an ecological time scale. 
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Apart from ocean currents, the issue of whether genetic heterogeneity of reef fishes 
is correlated with their pelagic larval dispersal ability remains controversial. It has 
long been proposed that fishes with shorter pelagic larval duration tend to show 
higher genetic differentiation among populations, while the differentiation will be 
less for fishes with longer pelagic larval phases (Waples 1987; Shulman and 
•ft 
Bermingham 1995; Shanks et al. 2003). However, recent studies of fish species with || if 
IV 
II I long pelagic larval duration, such as gobies (Taylor and Hellberg 2003; Rocha et al E I 1 
2005) and blennies (Muss 2001)，have demonstrated genetic structuring at scales : 
smaller than their range of larval dispersal. As suggested by the results of otolith 
marking experiments, even fishes with larval duration greater than three weeks may ) 
recruit to their natal populations (Jones et al 1999; Almany et al 2007), showing ； 
•'I 
/ » 
that the relationship between pelagic larval duration and genetic structure may not ^ 
be simple. Compared with other population genetic studies in the similar region, 
Chen et al. (2004) suggested the existence of three groups of six bar wrasse in the 
South China Sea region using the mitochondrial DNA control region. Though 
having a long pelagic larval duration of 47 days, two of these groups were defined in 
the central South China Sea region: the northern group that included southwestern 
Taiwan and northern Vietnam populations, and the southern group that included 68 
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southern Vietnam population. This finding is concordant with results from the 
allozyme study of the damselfish Dascyllus trimaculatus with a shorter pelagic 
larval duration of about 14 days (Ablan et al 2002). 
In the present study, the S. canaliculatus/ S. fuscescens species complex with a 
moderate pelagic larval duration of 21 days shows genetic homogeneity in the South 
� 
China Sea populations except PP, indicating those coastal populations in China are : 
I highly connected. The connectivity extends southward down to the region near [ 
•s 
Singapore and is highly correlated with the current flow. The discrepancy between I 
•n 
the present study and the two previous studies mentioned above may be related to i 
I 
the difference in habitat use of the fish species involved. Though S. canaliculatus/S. | 
« 
fuscescens species complex is regarded as reef associated, it occurs also in a wide ; 
•c 
variety of other habitats, while the six bar wrasse and the damsel fish D. : 
trimaculatus showed high dependency to the reef area. Hence, continuity of the reef 
habitat in the region as a factor may contribute more to the genetic structuring of 
these two reef fish species than to that of the S. canaliculatus/ S. fuscescens species 
complex. Studies have shown that adult habitat preferences were strongly correlated 
with the connectivity of populations of Atlantic surgeonfishes (Rocha et al 2002), 
with the reef specialist species (Acanthurus bahianus) showing a much larger 
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sequence divergence than the habitat generalist species (A. chirurgus) across the 
Amazon barrier. Also, the wrasse {Haliochoeres maculipinnd) having the most 
\ specialized jaw for reef feeding showed more significant differentiation than the 
habitat generalist species (K poeyi and H. bivittatus) across the same barrier (Rocha 
et al 2004). Therefore, habitat preferences of different fish species are likely to have 
important contribution to their response to geographical barriers and hence the 
� 
population structures. Moreover, the schooling habits of juveniles and the group j , 
i 
spawning behavior (Hasse et al. 1977; Woodland 1990) of S. canaliculatus/ S. i 
一 释 e s eo卿lex also . p o t e 麵 也 肌 . ！ 
highly territorial Dascyllus trimaculatus and the solitary six bar wrasse. Though data \ I on spawning group size or location of spawning grounds are still lacking, these ; 
« 
group spawning and schooling activities are likely to contribute to a high ；' 
ii 
j: 
connectivity among populations. Evidently, the genetic structure of fishes in the ！ 
South China Sea is not simply correlated with the pelagic larval duration of the fish 
species or the pattern of sea surface current. The life history, larval behavior and 
habitat use of the species may also have important contributions. 
Another population genetic study on crimson snapper using mitochondrial DNA 
control region was carried out in a region near East China Sea and South China Sea 
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by Zhang et al (2006). The crimson snapper is reef associated with a pelagic larval 
duration of 21 days, which is the same as that of the S. canaliculatus/ S. fuscescens 
species complex. Though there is limited information about the breeding activities 
of crimson snapper, it has been observed to move to shallower regions in warmer 
seasons to breed and to move back to deeper regions in the cooler months (Zhang et 
al 2006), showing relatively high dispersal ability. The result of the population 
genetic study demonstrated the presence of two genetic groups in East Asia: one 
group that included populations from east of the Philippines and East China Sea, 
while another group that included populations from South China to Northern 
Malaysia. Little genetic differentiation was revealed among populations in the later 
group, which is concordant with the present study on the S. canaliculatus/ S. 
fuscescens species complex. However, the Xiamen population of crimson snapper 
was analyzed as one of the populations in the East China Sea and hence was placed 
in a different group rather than with all the other South China Sea populations. From 
the results of their pairwiseOsT, Xiamen population (located at the southern margin 
of East China Sea) was not found to be significantly different from all nine 
populations from the South China Sea, except the Hainan juveniles. On the other 
hand, the Zhoushan population (located in the central part of East China Sea) 
showed significant differences with most of the other populations. Hence, the major 
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difference between the snapper populations of the two marginal seas was mainly 
contributed by Zhoushan population rather than the Xiamen population. This 
potential absence of genetic structure between the Xiamen population and those of 
the South China Sea was also apparent with the S. canaliculatus/ S. fuscescens 
species complex. Nevertheless, when PK population from Indian Ocean was 
excluded from the AMOVA analysis in the present study, groupings that separated 
XM and TW populations from the other South China Sea populations showed 
relatively slight, yet significant differences, indicating slight genetic difference 
might still be present among these populations. Though S. canaliculatus/ S. 
fuscescens species complex rarely appears in the East China Sea, more samplings 
from the nearby regions may better reveal its genetic structure to figure out whether 
genetic differentiation exists between the East and South China Sea populations. 
2.4.6 Implication for fisheries management 
Given the depleting fisheries resources worldwide, especially in the Southeast Asia 
region where millions of people depend on for food and livelihood, active 
management of reef fisheries is urgently needed. Establishment of networks of 
marine protected areas (MPAs) has been one of the main focuses in recent marine 
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conservation strategies. Determination of the size and strategic locations of MPAs 
requires a comprehensive understanding of demographic and genetic connectivity 
between marine populations to be conserved and protected (Mora and Sale 2002). 
There is still a critical scientific gap in connectivity study of marine populations in 
the northern South China Sea. 
Ablan et al. (2002) have indicated the incorporation of four fisheries management 
units within the South China Sea based on their allozyme study of the damsel fish 
Dascyllus trimaculatus. Three of these units were further supported by the study of 
six bar wrasses using mitochondrial DNA control region (Chen et al 2004). In the 
present study, highest significant differentiation was revealed by AMOVA when 
populations were grouped under the following combination: 
(PP)(XM,TW,HK,GX,XW,SY,SW,KT)(PK). This is discordant with the four 
management units proposed by Ablan et al (2002). It is because if Ablan's 
suggestion is valid, a different scenario should be revealed: the PP population would 
be placed within the north-central group together with all the rest of the samples, 
while the KT population would be separately placed in the southwestern group. The 
AMOVA results from Chen et al (2004) indicate that although their groupings were 
significant, the variance component among groups was low (3.13% of the total 
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variance). This suggests that the differentiation between the defined groups was 
relatively weak. Moreover, with the few sampling sites and low sample size used 
(eight to twenty individuals per population), the true population patterns might not 
be fully revealed given that six bar wrasse has a very high genetic diversity 
(haplotype diversity vary from 0.988 to 1). 
Although the six bar wrasse and the damsel fish D. trimaculatus exhibit contrasting 
life histories, they showed similar population structure in the above studies. This is 
in contrast to that obtained in the present study in which a different population 
structure as that proposed was exhibited by this commercially important, reef 
associated seagrass rabbit fish with a wide range of habitat use and group spawning 
behavior. Hence, the conclusion made by Chen et al. (2004) that the management 
units defined by Ablan et al (2002) in the South China Sea are robust enough to 
apply to a wide range of reef fish species may need further verification. Studies 
involving more widespread sampling and increased sample size on different taxa, 
especially in the regions at the periphery and the border between the proposed 
groupings, should reveal a better picture of the population genetic structure of 
marine biota in this region, hence the extent of their management units. 
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Furthermore, conclusions on population structure derived from AMOVA results 
should be done with care, as genetic homogeneity between populations of different 
regions does not always imply the absence of separate fishery stocks (Ablan et al 
2002). In general, fishery stock refers to a local population adapted to a particular 
environment, with members of this group having similar life histories, 
self-reproducing and genetically differentiated from members of other stocks as a 
consequence of this adaptation (reviewed in Begg and Waldman 1999; Swain and 
Foote 1999). However, the precise definitions may vary among disciplines, in which 
phenotypic rather than genetic differentiation was often used to discriminate stocks 
(Cadrin 2000). It is suggested that these phenotypic stocks showing consistent might 
have separated in an ecological time scale; populations might not have been isolated 
long enough for sufficient genetic differences between populations to be developed 
and detected, and only a very small amount of exchange would be sufficient to 
homogenize these differences (Ablan et al 2002). As noted by Waples et al (2008), 
it is a very challenging task to use genetic data alone to distinguish between 
migration rate that leads to demographic independence or demographic coupling, 
especially when the connectivity between populations is high. Hence, in general, 
genetic analyses should be regarded as a “one way test" of the hypothesis of 
heterogeneity among populations, while the absence of such heterogeneity, based on 
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certain molecular markers, would not be enough to prove the null hypothesis of 
homogenous populations among different regions (Ablan et al. 2002). 
In the present study, the highest genetic differentiation was found when 
XM,TW,HK,GX,XW,SY,SW,KT were defined as one single group. Sharing of 
common haplotypes plus the pattern of present day ocean currents appear to support 
the high connectivity among all these populations. However, it would be far too 
early to conclude that these populations should be managed as one single unit and no 
independent stocks exist within this region. Notably, when the PK population was 
excluded and only populations within the South China Sea were investigated, the 
combination (PP)(XM,TW)(SW,SY,XW,GX,HK,KT) received highest variation 
among groups, indicating that XM and TW populations might be different and could 
be separated from the rest of the populations. 
In short, the present study demonstrated very low level of connectivity between the 
population in Indian Ocean and those from the South China Sea. From a fisheries 
management perspective, these populations should therefore be managed separately. 
Within the South China Sea, it is obvious that the population located at the 
northwestern part of the Philippines has low connectivity with the rest of the 
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populations in southern China. High connectivity was observed among populations 
from northern Taiwan, the coast of southern China and southern Peninsular Malaysia. 
However, whether separate stocks exist within this region may need further studies. 
Special attention should be paid to find out if Xiamen and northern Taiwan 
populations are different and should be regarded as a separate group. More 
samplings further northward, e.g. population near the East China Sea and Okinawa, 
as well as morphological and ecological data are expected to provide additional 
useful information in understanding the metapopulation dynamics of this important 







































































































































































































































































































































































































































































































































































































































Table 2.2 Number of sequences (n), number of haplotypes (nh), haplotype diversity 
(h±SD), nucleotide diversity (7[ ±SD) and no. of polymorphic sites for 
Group One, Group One A and Group Two of fish examined (excluding 
sequences from Genbank). See Fig. 2.2 for the grouping designations. 
No. of 
Group n nh H±SD 7[±SD polymorphic 
sites 
Group One 245 60 0.828±O.024 0.006±0.004 36 
GroupOneA 15 7 0.848±0.064 0.012±0.007 9 
Group Two 53 26 0.949±0.015 0.010±0.006 26 
Table 2.3 Sequence divergence between and within genetic groups of fish examined, 
with standard error in parentheses: Divergence within outgroup was not 
calculated as there were only two sequences available. See Fig. 2.2 for the 
grouping designations. 
Group One Group One A Group Two S. rivulatus 
Group One 0.007 (0.002) 
GroupOneA 0.032 (0.008) 0.006 (0.002) 
Group Two 0.055 (0.011) 0.056 (0.011) 0.011 (0.003) 
S. rivulatus 0.048 (0.011) 0.065 (0.012) 0.041 (0.009) 0.006 (0.002) 


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 2.7 Results of Tajima's D and Fu's Fs neutrality tests, and the estimated tau value 
from mismatch distribution. See Fig. 2.2 for the grouping designations. 
Group D P(D) Fs W T a u ( r ) 
Group One -1.70395 0.0132 -25.95367 <0.001 3.769 
Group One A -0.85965 0.2135 0.2875 0.5677 2.709 
Group Two -1.12918 0.1242 -15.7153 <0.001 2.367 
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Fig. 2.1 Sampling locations in the Indo-west Pacific region for populations of S. canaliculatus/ S, fuscescens species complex examined in the present study. JP= Wakayama, Japan; TW= Chi-lung, Taiwan, China; XM= Xiamen, China; SW= Sanwei, China; HK= Hong Kong, China; GX= Guangxi, China; XW= Xuwen, China; SY= Sanya, China; PP= Bolinao, Philippines; KT= Kuantan, 
Malaysia; PK= Phuket, Thailand. 
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Fig. 2.2 The consensus tree of neighbor joining (NJ), maximum parsimony (MP) 
and Bayesian inference (BI) approaches based on mitochondrial DNA 
control region. Bootstrap values (1000 replicates) of BI (1,，NJ and posteriori probabilities of MP ( 3 ’ were indicated at important 
nodes only. Available sequences of 23 Siganus rivulatus 
(EU176969-EU176991), and two Siganus luridus (EU176967, 
EU176967) from Genbank were added into the tree for outgroup 
comparison. 
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Fig. 2.3 Haplotype frequencies for S, canaliculatus/ S. fuscescens species complex in 
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Fig. 2.4 The mitochondrial control region haplotype network of S. canaliculatus/ S. 
fuscescens species complex, Group One and Group One A. Patterns within 
circles represent the sample sites. The nodes on branches indicate additional 
mutational steps. The area of circle is proportional to the number of 
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Fig. 2.5 The mitochondrial control region haplotype network of S. canaliculatus/ S. fuscescens species complex, Group Two. Patterns within circles represent the sample sites. The nodes on branches indicate additional mutational steps. The area of circle is proportional to the number of individuals possessing the particular haplotype. 
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Morphological differentiation in S. canaliculatus/S. fuscescens 
species complex 
3.1 Introduction 
Morphological variation has been used by ichthyologists to identify stocks offish 
for more than a century. Compared with other vertebrates, fish display more 
variance in their morphological characters both between and within populations. 
They are also more susceptible to environmentally-induced morphological 
variation (Kinsey et al 1994). Both meristic and morphometic characters are 
commonly employed as tools to identify fishery units (Teugels 1982; Hurlbut and 
Clay 1998; Turan 2004). In early studies, it was believed that all variations of 
these characters, particularly the meristic ones, are purely genetically based and 
are unaffected by environmental factors (Swain and Foote 1999). In the past few 
decades, with the increasing use of molecular techniques as well as the use of 
manipulative experiments, morphological differences among individual fish or 
fish populations were shown to be the interactive effects of environment, 
selections and genetics (e.g. Swain and Foote 1999; Cardin 2000). The 
"phenotypic stocks" identified by morphometric variations maybe similar in their 
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reproductive and growth rates, and may reflect significant differences in their 
early life histories and exposure to environmental factors. Though these 
differences may be entirely environmentally induced, or even not concordant with 
the genetic analysis, some argued that these stocks should still be regarded as 
appropriate units for fisheries management (Swain and Foote 1999). 
Morphometric studies on the Family Siganidae have been few. The most extensive 
one is from Woodland (1990), where he investigated 62 morphometric 
measurements and nine counts, and tried to construct a key that does not depend 
on color characters to distinguish the 27 species within the family. He noted that 
fishes of this family possess high uniformity of characters most frequently 
employed by ichthyologists to distinguish species, leading to great difficulty to 
construct the key. Other than this, there are a few other studies, though less 
extensive, that recorded the morphometric measures of Siganidae used for 
taxonomic purpose (see Table 3.1). However, large overlapping ranges of these 
morphometric characters or even discrepancies can often be found among these 
works, leading to difficulties in stock, or even species identification. 
Among members of the Family Siganidae, Siganus canaliculatus and S. 
fuscescens are among those having the widest distribution and the greatest 
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latitudinal ranges. It is believed that the big differences in both the biological and 
physical parameters over their huge distribution ranges can lead to separation of 
stocks, which may lead to genetic or phenotypic differentiations. From the results 
of Chapter Two, three groups of populations of this S. canaliculatus/ S. fuscescens 
species complex were identified based on sequences of the mitochondrial DNA 
control region. Whether these three groups can also be separated based on 
differences in their morphological characters, or whether there are any 
geographical variations in their morphometry, remains unknown. 
Hence, the present study aims at investigating the three genetically differentiated 
groups of S. canaliculatus/ S. fuscescens species complex identified in the 
previous chapter to ascertain if this differentiation can also be revealed by their 
morphology. Secondly, as a preliminary study, to explore the morphological 
population structure of this species complex in the South China Sea waters. 
Though not differentiated genetically, phenotypic groups may reveal 
environmental induction of morphological differences. Consistent differences 
between these phenotypic groups may indicate certain level of separation that 
warrants separate management (see Swain and Foote 1999). 
3.2 Materials and Methods 
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3.2.1 Collection of specimens 
Fish samples were collected from nine different populations in Indo-West Pacific 
region, including Japan, Taiwan, Xiamen, Sanwei, Hong Kong, Guangxi, Kuantan, 
Philippines and Phuket (Fig 3.1). All samples were purchased from local fish 
markets during September 2006 to March 2008. After collection, fish samples 
were stored at -20�C in the lab until analysis. The number of samples used in the 
morphometric study and the spots count analysis is listed in Table 3.2. All samples 
collected were regarded as S. canaliculatus/ S. fuscescens species complex before 
examinations, with no a priori assumption of their exact species identity. 
3.2.2 Morphometric measurements 
Frozen fish samples were thawed in room temperature prior to measurements. 
Twelve morphometric characters were chosen based on previous studies (Table 
3.1)，and are listed in Table 3.3. All morphometric measurements were made by a 
Vernier caliper and measured to the nearest 0.01cm. Three meristic counts, 
including number of teeth, dorsal and anal fin spines were also recorded in the 
preliminary study. However, all individuals examined had the same count for 
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spines and some of the teeth were broken in most individuals. Among those 
remaining teeth, all possessed two peaks in the lower jaw. Teeth of some 
individuals were also so closely packed such that identification of peaks was 
difficult. Therefore, these three meristic counts were not further considered in 
subsequent more detailed morphological analyses. As Siganidae does not exhibit 
sexual dimorphism (Woodland 1990)，the effect of sex on morphometries was not 
tested. A total of 10 indices were then calculated and used for analysis. As is 
commonly practiced, indices which are ratios of morphometric characters, instead 
of actual values or each character, were used to illustrate the morphological 
differences among fish individuals in order to remove the effect of size on 
morphometric data (Cardin 2000). The 10 indices (ratios) used in this study 
included: HL/PL, HL/SNL, HL/OBI, HL/OBII, HL/INOB, HL/NL, SL/BDI, 
SL/BDII, SL/HL and CL/CD (see Table 3.3 for details). These indices were 
chosen based mainly on previous descriptions of members of Siganidae (see Table 
3.1). 
3.2.3 Spots counts 
Besides morphometric characters, spots count was found to be an important 
criterion for classifying species of Siganidae and was useful to distinguish even 
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sibling species (Woodland 1990). Hence spots count on each individual fish 
sample was also investigated in this study. As spots pattern on some of the fish 
samples had faded during storage, only samples with visible spots pattern were 
included in the analysis (Table 3.2). The three spots counts used in the analysis 
and the grouping of categories under each count follow Woodland's (1990) and 
are briefly described below. The species name in parentheses indicates the species 
to which that particular category is associated with. 
1. Rows of spots between base of anterior half of dorsal fin and lateral line 
-Category 1: two or three rows of spots (S. canaliculatus) 
-Category 2: four or more rows of spots (S. fuscescens) 
2. Size of the largest spots between lateral line and the base of anterior half of 
dorsal fin 
-Category 1: spot size larger than 2mm {S. canaliculatus) 
-Category 2: spot size=2mm (Intermediate between S. canaliculatus and S. 
fuscescens) 
-Category 3: spot size less than 2mm {S. fuscescens) 
3. Size of spots in row immediately below lateral line larger on average than 
spots in row immediately below base of dorsal fin 
-Category 1: spots in row immediately below lateral line larger on average 
than spots in row immediately below base of dorsal fin {S. canaliculatus) 
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-Category 2: size of spots in row immediately below lateral line the same as 
the spots in row immediately below base of dorsal fin {S. fuscescens) 
3.2.4 Statistical analysis of data 
3.2.4.1 Univariate analysis of data 
As some of the morphometric characters were found to be correlated with the size 
of the fish (Woodland, 1990)，regression analyses were initially done to find out if 
any of the 10 indices are correlated with the standard length of the fish. Once 
significant correlations were found, one-way ANCOVA was performed for each 
index, using standard length as the covariate, to show if differences among 
populations or groups remain after the effect of the standard length has been 
removed. For those indices not significantly correlated with the standard length, 
one-way ANOVA was performed directly, after evaluation of the parametric 
assumptions, to compare differences among populations or groups. 
Morphometric data were first analyzed based on the three groups offish identified 
by molecular analysis using mitochondrial DNA control region (Chapter 2). 
Subsequent analyses were then carried out to compare populations from different 
sampling localities. All statistical analyses were performed using SPSS for 
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window version 16.0，with the significance level set at p=0.05. 
3.2.4.2 Multivariate analysis of data 
Multivariate analysis of morphometric characters of the fish samples was 
performed using PRIMER 6 (Plymouth Routine in Multivariate Analysis, Clarke 
and Gorley 2006). Although the program PRIMER is principally designed for the 
study of changes in biotic communities using species data matrices, it can also be 
applied to numerical taxonomy. After standardizing the morphometric characters, 
resemblance matrix was created based on the morphometric indices. Non-metric 
Multidimensional Scaling (nMDS) of Euclidean distance was employed to 
generate plots of morphometric indices among samples. nMDS, instead of its 
metric analogues (e.g. principal coordinate analysis, PCoA), was used in the 
present study as it is reported to better reduce the distance relationships between 
samples into fewer dimensions (Araujo et al 2004). The data were first grouped 
under the three groups obtained in the genetics study, and then under the 
populations where the samples came from. An analysis of similarity (ANOSM) 
was then applied to test for significant difference among the groups or the 
populations in the plot. Similarity percentages procedure (SIMPER) analysis was 
used to detect the contribution of each morphological character to the differences 
among groups or populations. Besides morphometric data, spots count data were 
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also obtained in the present study. As these data are categorical in nature, so 
instead of the Euclidean distance, Gower's (1971) dissimilarities, which included 
a standardization that can incorporate both measureable and categorical data, were 
applied so that both types of data can be analyzed concurrently. 
3.3. Results 
3.3.1 Univariate analysis 
A total of 84 rabbitfish specimens were examined in this study. From the results of 
regression analysis, significant correlations were found between 6 out of 10 of the 
morphometric indices and the standard length of fish (Table 3.4 and Fig. 3.2)， 
including HL/INOB, HL/OBl, HL/0B2, HL/PL, HL/SNL and SL/HL (allp<0.05). 
Samples from PP and XM were excluded in the analyses involving CL/CD as the 
caudal fins of the samples were cut for genetic analysis prior to the examination, 
hence missing the caudal length and caudal depth data. All these six indices were 
subjected to one-way ANCOVA in the subsequent univariate analysis, using 
standard length as the covariate in order to remove its effect on the difference 
between populations or groups. 
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The morphometric data were first grouped under the three genetic groups 
identified in previous molecular analysis. Only one index, HL/0B2 was 
significantly different (p二0.047，Table 3.5 and Table 3.6) among groups in all 
one-way ANOVA and one-way ANCOVA analyses. From the results of pairwise 
comparison of this index by one-way ANCOVA, significant difference was found 
between the pair Group Two and Group One A (p=0.026. Table 3.7). Group One A 
was found to have the highest value, while Group Two the lowest (Fig. 3.3). 
When data were grouped under populations, significant differences were found in 
SL/BDl and CL/CD (ANOVA,;?=0.033 and j9=0.006 respectively, Table 3.8), and 
one-way ANCOVA revealed highly significant differences among all six indices, 
with all p < 0.001 (Table 3.9). Mean values of these indices in each population 
are listed in Fig. 3.4. When considering the results of pairwise comparisons from 
one-way ANCOVA (Table 3.10), samples from SW and KT were significantly 
different from most of the other populations in index HL/0B2 (Table 3. IOC). SW 
samples showed the highest value (Fig. 3.4D) and were significantly different 
from most of the other populations in index HL/PL (Table 3.10D). In comparison, 
for index SL/HL, JP samples were significantly different from all the other 
populations (Table 3.1 OF). 
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For spots counts, the number of individuals examined in each population is listed 
in Table 3.2. Different populations were made up of individuals in different 
categories (Fig. 3.5). Both GX and PK populations possessed individuals 
belonging to Category 1 in terms of rows of spots between base of anterior half of 
the dorsal fin and the lateral line, while all PP samples belong to Category 2. An 
increasing proportion of individuals belonging to Category 2 was found from HK, 
KT, TW, JP to XM. In terms of the size of the largest spots between lateral line 
and the base of anterior half of dorsal fin, all PK and JP samples belong to 
Category 1，while the other populations contain a mixture of individuals in 
Categories 1 and 2. Category 3 individuals appeared only in PP, TW and XM in a 
relatively smaller proportion. When considering whether the size of spots in row 
immediately below the lateral line is larger on average than spots in row 
immediately below base of the dorsal fin, all samples from GX, PK and KT are 
under Category 1. The rest of the populations possessed a mixture of Categories 1 
and 2 individuals, with the proportion of category 2 individuals ranges from about 
30% in TW to the highest of 90% in PR When all data were divided into three 
groups based on the genetic analysis, Group Two always possessed the largest 
proportion of Category 1 individuals in all three spots counts (Fig. 3.6). Category 
3 individuals appeared in Group One and Group One A, but not in Group Two in 
terms of the size of the largest spots between lateral line and base of the anterior 
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half of dorsal fin. 
3.3.2 Multivariate analysis 
The MDS was first plotted based on the nine morphometric indices, excluding the 
index CL/CD, and with data grouped under three genetic groups (Fig. 3.7). The 
Kruskal stress value was 0.19, indicating that the two dimensional MDS plot was 
a good representation of the multivariate information. High level of overlapping 
among the three groups was observed on the MDS plot, with global R value being 
statistically not significant (ANOSM, R=0.009，p=0.527. Table 3.12A). The 
results were similar when the index CL/CD was added, with no distinct groupings 
observed (Fig. 3.8 and Table 3.11B). Samples from PP, JP and some samples from 
XM were excluded in the analyses as their caudal length data were not available. 
Fig. 3.9 shows the MDS plot on data from nine morphometric indices (excluding 
CL/CD) and spots counts. The number of samples examined was less than those 
in the previous two analyses (Table 3.2). The Kruskal stress value was slightly 
high at 0.22，but the two dimensional MDS plot can still be considered as a good 
representation of the data. Again, no clear separations among the three groups 
were observed. The global R value was significant (ANOSM, R=0.113,^=0.016), 
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and the low global R value together with the low R values for each pairwise test 
fiirther supported the findings that there was high level of overlapping among 
groups (Table 3. l ie) . 
The morphometric data were subsequently analyzed by grouping them into 
different populations representing different sampling localities. The resulting two 
dimensional MDS plot (Fig. 3.10) was a good representation of the differences in 
indices among individuals in these populations as the Kruskal stress value was 
only 0.19. The global R value was equal to 0.257 (ANOSIM, p=OM), indicating 
no clear separations among the different populations (Table 3.12A). From the 
MDS plot (Fig. 3.10), no distinct groupings could be observed except that the JP 
samples were slightly clustered in the top left hand comer. Based on the pairwise 
test results from ANOSIM (Table 3.12A), XM samples were significantly 
different from GX samples (R>0.75, p<0.05). SIMPER analysis suggested the 
index HL/N contributed 28% of the differentiation. JP samples were significantly 
different from GX, PK, KT and SW samples (R>0.75), and there were separations 
but some overlapping between the pairs JP vs. PP, JP vs. TW, and JP vs. XM 
(0.5<R<0.75, p<0.05). From the SIMPER analysis, the index HL/0B2 contributed 
most (30%) to the differentiation between JP vs. GX and JP vs. KT, while HL/N 
appeared to be the most important differentiation index between JP and all the 
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Other remaining populations, contributing around 30-46% to these differentiations. 
When index CL/CD and samples from PP, JP and a few samples from X M were 
excluded in the analysis, the stress value of the MDS plot slightly increased to 
0.21 (Fig. 3.11)，while the global R value decreased to 0,232 (ANOSM, j9=0.01. 
Table 3.12B). No clustering of groups was observed in the MDS plot, and no 
pairwise test results from ANOSIM exceeded 0.5, suggesting no significant 
separation of pairs of groups among the populations. 
When data were analyzed based on the nine morphometric indices (excluding 
CL/CD) together with the spots count results, the Kruskal stress remained at 0.21 
but some segregations could be observed in the MDS plot (Fig. 3.12). The PK 
samples clustered on the left hand side of the graph, while the PP samples loosely 
form a group on the right hand side. There were however some mixing with the 
other samples. From the bubble plots of the three spots counts (Fig. 3.13), the 
clustering of PK and PP samples is due mainly to their consistency in having the 
three spots count characters that belong to Category 1 or Category 2/3 respectively. 
As there was only one sample from SW included in this analysis, the results of 
pairwise test of ANOSIM for SW population are not shown in Table 3.12C. 
Regardless of the small sample size of JP, the two JP samples are significantly 
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separated from GX, PK, PP and KT samples (R>0.75, p<0.05). Besides, the pairs 
PP vs. GX, PP vs. PK and KT vs. PP were also well separated (R>0.75, p<0.05). 
3.4 Discussion 
3.4.1 Meristic characters 
Meristic characters refer to structures which are countable, discrete and serially 
repeated (Swain and Foote 1999). The number of parts is fixed in early ontogeny, 
either in embryos or larvae, and is not affected by the subsequent environmental 
changes. It was believed that other than genetic component, environmental factors 
like salinity, light, temperature and dissolved oxygen can influence the number of 
parts formed in embryos during growth and differentiation (Golani 1990; Hulme 
1995； Cadrin 2000). From preliminary study, specimens of S. canaliculatus/ S. 
fuscescens species complex from different localities have the same number of 
dorsal fin and anal fin spines, which is consistent with findings of the previous 
studies on S. canaliculatus or S. fuscescens (Table 3.1). It was noted by Woodland 
(1990) that it is this consistency among all species in Siganidae that makes the 
identification of species a big problem. Though Woodland (1990) found no 
differences in teeth number and shapes in Siganidae, Ma and Liu (2006) found 
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that the number of teeth and their shapes in upper and lower jaws of S. 
canaliculatus and S. fuscescens are slightly different. In this study, teeth were 
broken in many of the specimens examined and therefore cannot be investigated. 
Though the number of scales above the lateral line was also found to be different 
between S. canaliculatus and S. fuscescens (even appeared to vary geographically 
within species), this character was not included in this study as the size of the 
scales is too tiny, making accurate and reliable counting practically impossible 
(Golani 1990). 
3.4.2 Morphometric measurements 
3.4.2.1 Comparison with the previous works 
Unlike meristic characters which are fixed in early developmental stage, 
morphometric characters describing aspects of body shape are continuous and 
may respond to environmental influences throughout life (Barlow 1961). It was 
emphasized that the problem of distinguishing shape from size is essential in 
morphometric measurements, in which size variations often represent the noise 
component (Cardin 2000). The effects of size on morphometric data have 
commonly been removed by bivariate method like the use of some indices or 
ratios to relate to standard body length or head length. This approach was also 
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applied in the present study. There is argument that this approach is not very 
effective in removing size variance, as only the standard distance was removed 
and an isometry between the variables has to be assumed (see Cadrin 2000). 
Nevertheless, ratios were used in the present study in order to compare with the 
previous works on morphometries of Siganidae (Table 3.1). The effect of size 
(standard length) was further removed by ANCOVA. Based on results of the 
regression analyses, six out of 10 of the ratios examined in the present study were 
significantly correlated with the standard length, while only the ratio Head/ Orbit 
was noted by Woodland (1990) to be higher for longer fish. Though five out of 
these six indices obtained a p value <0.001, all R square values were small, 
ranging from 0.067 in HL/PL to 0.372 in HL/0B2. Attempts to improve the R 
square value were made, e.g. by data transformation, but the R square values 
remained small and did not show significant improvements. This means the linear 
regression lines generated did not represent the data points well, as indicated by 
the high scattering of the data points on the graphs. Non-linear relationship 
between these indices and the standard body length of the fish was also not 
apparent. Therefore, the conclusion that these ratios are significantly correlated 
with size should be taken with cautions. 
Seven indices were measured both in the previous and the present studies: 
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SL/BD2 (greatest body depth), SL/HL, HL/SNL, HL/OB, HL/INOB, HL/PL and 
CL/CD. As all specimens examined in the present study were regarded as "5. 
canaliculatus/ S. fuscescens species complex", therefore descriptions of both S. 
canaliculatus and S. fuscescens from previous studies were considered and used in 
the comparative study. 
In general, except the two meristic characters, dorsal fin spines and anal fin spines, 
inconsistency was found among different earlier workers with regards to the other 
characters, with overlapping ranges. Most results obtained for the indices 
examined in the present study fall within these ranges, yet attention should be 
paid to the indices HL/SNL, HL/OB and HL/INOB, as range variations among 
different studies are big. 
For HL/INOB, results of the present study agree well with those of Woodland 
(1990) but not Chang et al (1960). This can probably be explained by differences 
in length of the fish examined. The fish examined by Chang et al (1960) was only 
51.5 mm, which is much smaller than those in the present study and Woodland's 
study. As negative correlation was found between HL/INOB and the standard fish 
length (Fig.3.2a), the smaller the fish, the larger would be the value of this index. 
Therefore, comparison of morphometric ratios with previous studies that 
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examined specimens with different sizes should be considered with caution. For 
HL/OB, two measurements were made in the present study. The first one 
(HL/0B2) followed the same as that of Woodland (1990)，while the second one 
(HL/OBl), instead of outer rim of the orbit, the inner rim was measured. This was 
done in order to compare with those from the other studies other than Woodland 
(1990). Based on preliminary measurement of samples used in the present study, 
the data of the outer rim length were much higher than those values of the orbital 
length given in these studies. As the detailed protocol of measurement was not 
indicated in these studies, it is possible that their measurements were based on the 
length of the inner orbital rim rather than the outer rim. As expected, the mean 
values of HL/0B2 are close to that of Woodland (1990)，but the smaller values of 
HL/OBl are closer to those of the other studies. HL/SNL value ranges from 
3.0-3.6 in Woodland (1990)，while in Zhu et al (1963) and Ma and Liu (2006)， 
the values are much smaller and range from 2.3-2.6 and 2.5-3.2 respectively. In 
the present study, though the method of measuring HL/SNL followed that of 
Woodland (1990), the mean values obtained from different populations fall within 
the ranges of those in the latter two studies and not those of Woodland's. These 
discrepancies may also be attributed to size differences in the specimens 
examined, but there could be a few other possible reasons as well. Firstly, many of 
the older ichthyological works were often vague to show precisely how lengths 
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were taken (Howe 2002), and the condition is more serious when it comes to the 
field guides of fishes (personal observations). Among the references in Table 3.1, 
only Woodland (1990) clearly described how the lengths were measured. For the 
others, descriptions of measurements are lacking or only very simple figures were 
used, so there could be inconsistency in the methods of morphometric 
measurements. Secondly, the method of preservation, as well as the length of 
preservation of the specimen can have profound effect on the conditions of the 
specimen (Howe 2002; Shields and Carlson 1996)，such as shrinkage. It was 
found that preservation of juvenile Sockeye Salmon in 95% ethanol would lead to 
a more significant decrease in length than those preserved in 10% formalin, and 
samples tended to bend and to become twisted after being preserved in alcohol, 
leading to difficulties in measurements (Shields and Carlson 1996). In the present 
study, all morphometric measurements were made on frozen specimens, while 
some of the measurements (e.g. Ma and Liu 2006) were done on formalin 
preserved specimens, with decrease in lengths expected. Thirdly, the sampling 
locations of the fish were different among these earlier works. The possibility of 
geographic variations in morphometric characters cannot be ruled out. 
Consequently, direct comparison of morphometric characters or ratios among 
studies should be done with cautions. Attentions should be given to the size, 
method of measurements and preservation, as wells as the sampling locations of 
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the specimens examined. 
3.4.2.2 Comparison of morphometric indices among groups and populations 
In Chapter 2, the population genetics of S. canaliculatus/ S. fuscescens species 
complex were examined and three genetic groups were identified by using 
mitochondrial DNA control region. Group One appears mainly in the South China 
Sea populations. Group One A is nested within Group One and is scattered 
throughout the South China Sea populations. Group Two appears mostly in the 
Indian Ocean though also made up a small proportion of most South China Sea 
populations. However, when the 10 morphometric indices among these three 
genetically different groups were compared, only one single index, HL/0B2 was 
shown to be significantly different. In multivariate analysis, no groupings can be 
found in all the MDS plots. Even when the data of spots counts were added into 
the analysis, the same scenario was found with very low global R value. 
Investigation of the spots counts alone also could not identify the three groups 
clearly, with each group containing more than one spots count category. These 
data showed clearly that these three genetically different groups cannot be 
revealed by the morphometric characters used in the present study. Though the 
sequence divergence of the three groups is big, even bigger than that with another 
species, S. rivulatus, they do not differ morphologically in most characters. In 
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earlier ichthyological works, the high phenotypic variability in fish was always 
thought to have a genetic basis (Swain and Foote 1999). However, contradictory 
information based on morphology vs. population genetic and molecular 
systematics are common, e.g. in reef fish (Bowen et al 2006) and European 
anchovy (Tudela 1999). This can be attributed to the fact that most phylogenetic 
and phylogeographic studies involved genetic markers that are not linked to 
morphology, like the mitochondrial DNA marker applied in the present study. 
These genetic markers are important for investigating historical process, but i f 
selection acts to maintain the morphological characters, individuals can appear 
identical even though they have been isolated for millions of years (Rocha et al. 
2007). For example, the bonefish which occurs throughout the Caribbean, Indian 
and Pacific Oceans had long been considered as a single homogeneous species 
due to the similarity of their appearance. But recent study of mitochondrial DNA 
revealed that there are 10 genetic lineages or cryptic species within bonefish, and 
should be managed separately (Pfeiler et al 2006). Hence, morphological data 
should be complemented with genetics data. It wi l l not be sufficient to use only 
the morphological data nor can morphological data replace genetic data when 
addressing population genetic questions. 
When the present data were analyzed based on populations sampled rather than 
113 
Chapter three 
the genetic groupings, eight out of the 10 indices were found to be significantly 
different among populations. Genetically these populations were shown to be 
quite homogeneous, i.e. they did not form distinct groupings in any of the 
phylogenetic analyses. This demonstrated that the morphological differences 
between populations are not likely to have resulted from genetic divergences, but 
are probably attributable to environmental differences in different habitats where 
these populations were found. Morphological differences are believed to be the 
result of interactive effects of environment, genetics and selection (Cardin 2000). 
Many studies have shown that these differences are environmentally induced. 
Changes in rearing temperature, quantity and type of food or feeding mode can 
modify body shapes of fishes (Swain and Foote 1999; Wintzer and Motta 2005). 
Though significant differences among populations were found when the 
morphometric characters were considered individually, no separation of 
populations was shown in MDS plots when all characters were incorporated 
together. These indicate that different morphometric characters may reflect 
different interactions between the individual and the environmental factors. It is 
inappropriate to use any one of these characters alone to determine the effect of 
the overall interactions by all biological parameters (Tudela 1999). Though it is 
difficult to interpret the functional significance of the change in body shape 
(Hegrenes 2001)，studies of freshwater fishes suggested that eye diameter may 
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reflect differences in turbidity in the habitats (Matthews 1998)，while relative 
head length and snout angle are believed to be affected by the prey size and types 
(Hegrenes 2001). Although siganids are herbivores, they were also reported to 
feed on fish larvae (Ma and Liu 2006) or copepods (Xu et al 1994). Hence, the 
difference in feeding habits may also be a possible factor, besides the physical 
factors, that led to their morphological differentiation. In the present study, SW 
samples obtained significantly higher HL/PL ratios than those from the other sites. 
As difference in HL/PL was regarded as the character that distinguishes S. 
canaliculatus from S, fuscescens (Myers 1991), whether there is sufficient 
evidence to consider SW samples as a different species should be further explored. 
More discussion on this is given in Chapter Four. 
From the pairwise results of ANOSM, JP samples were shown to be different 
from the other populations, while HL/0B2 and HL/N were the two characters that 
contributed most to the differentiation. Among the locations of the populations, 
Japan is at the highest latitude with the lowest mean annual temperature. In 
general, northern races of a fish species wi l l often exhibit slower growth, smaller 
heads, eyes and fins (Kapoor and Kharma 2004). Also, difference in latitude was 
found to affect the spawning time and early life history (e.g. growth rate and 
otolith formation) oi S. fuscescens (Yamada et al 2006)，and to cause differences 
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in meristic characters in fishes of the Mediterranean Sea (Golani 1990). However, 
from the present results, populations from comparable latitudes (e.g. TW and XM, 
SW and HK, PK and KT) did not cluster together in the MDS plots, and pairwise 
differences between populations are not necessarily proportional to differences in 
the latitudes of their locations. Thus, no concrete interpretation can be made on 
whether latitudinal differences, or any other factors, are responsible for the 
morphometric variations observed. To further consider whether the JP population 
represents a separate taxon, temporal monitoring is needed to confirm the 
consistency of its morphological variations. Controlled rearing or reciprocal 
experiments are required to find out i f there are genetic basis behind these 
variations (Swain and Foote 1999; Turan 2004). 
Among all the characters used in the present study, spots counts are the only 
characters that show separation in the bubble plots (bubble plot of other characters 
not shown), though they may only be useful to separate a few populations. 
Variation of spots patterns, as one of the color dimorphisms, is common in fishes. 
It is possible that different variants represent different species, or they are simply 
genetically identical individuals with the ability to change color. Color 
dimorphisms were found to be correlated with water depth or habitat (Munday 
2003; Messmer et al 2005). Spots pattern was regarded as one of the important 
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factors to distinguish S. canaliculatus from S. fuscescens (Woodland 1990). The 
usefulness of using them to identify the two species, or whether these patterns 
have any genetic basis, wi l l be further discussed in Chapter Four. 
3.5 Summary 
To summarize, the three groups identified in the genetics analysis in Chapter 2 
cannot be distinguished by any of the morphometric measures or spots count data 
examined in the present study. However, when samples were grouped by 
populations, most of the morphometric characters were shown by one-way 
ANCOVA or one-way ANOVA to be significantly different when considered 
individually, Nonetheless, when all these characters were considered together, 
large overlaps among populations in the MDS plots were found. JP samples seem 
to be separated from the other populations, but further investigations are needed to 
confirm such separation and the reasons behind it. Apparently, spots counts are 
useful to separate fish populations from some localities. However, as the spots 
fade so easily, the use of this character to indentify populations is unreliable. 
Whether variations in spots pattern is a good indicator of isolated populations or 
taxa requires further study. 
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Several limitations were encountered in the present study. Firstly, besides size 
differences, fish under investigation may be of different developmental stages. 
Though the effect of maturation on the shape of the fishes is not known or maybe 
species specific, abdominal dimensions can be affected by spawning conditions 
(Cardin 2000). More understandings of ontogeny with respect to morphological 
development are needed to enhance the choice of characters and the interpretation 
of variations among groups or populations. Secondly, the number of individuals in 
each genetic group is not balance, with Group One having the largest and Group 
One A the smallest number. This unbalanced sample size may lower the power of 
the analysis. The difference in group size is due mainly to the size of the 
originally groups obtained in the genetics study, which cannot be predetermined. 
Moreover, due to logistic constraints, not all fish specimens can be transported 
back in whole to the laboratory for more detailed examinations. In spots count 
analysis, specimens with faded spots colors had to be excluded. These further 
lowered the number of specimens available for analyses. For further study, 
samples size should be increased so that the chance of obtaining fish from the 
smaller genetic groups may increase. For spots count, the samples may have to be 
examined while fresh. Further analyses and discussion on the species question of 
S. canaliculatus! S. fuscescense species complex are given in Chapter 4. 
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Table 3.1 Description of the meristic and morphometric characters of S. 
canaliculatus and S. fuscescens used in previous studies. NA = 
information not available. 
A. Works outside China 
Characters Woodland 1990 Myers 1991 
Species S. canaliculatus S.fuscescens S. S.fuscescens 
(number and (n=37, (n=18, canaliculatu (NA) 
length of 86-241inm) 80-206mm) s 
specimens) (NA) 
Dorsal fin … … 
(13)10 (13)10 NA NA 
spine 
Anal fm spine ^ W NA 
Pectoral fin 
15.18 15-17 16-17 16-17 
rays 
Scales above 16-27, (16-20 
lateral Une peculiar to 16-21 NA NA 
Phuket) 
Anterior gUl 4.6+16-21 5-7+20-25 NA NA 
rackers 
Upper jaw NA NA NA NA 
teeth 
Lower jaw NA NA NA NA 
teeth 
Greates t “ 2 4-2.8 2.3-2.9 2.4-2.8 2.3-2.9 
body depth ‘ ‘ 
Standard 3 ^ 3.6-4.5 NA NA 
length/ Head . • 
Head/ Snout 3.0-3.6 3-3.6 NA NA 
Head/ Orbit 2.4-3.3, higher ^ NA NA 
for longer fish 
Head/Interor . 3.2-4.1 NA NA 
bital width ； 
Head/ 
Pectoral fm NA NA 1.4-1.5 
length 
Caudal … xta 


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 3.2 Sampling locality and sample size of S. canaliculatus/ S. fuscescens 
species complex used in morphometric study and spots count in the 
present study, (a) Samples grouped by the three genetic groups identified 
from previous molecular study (Chapter 2). (b) Samples grouped by 
populations. 
� 
G Number (morphometric Number (morphometric 
study only) study and spots count) 
One 56 36 
One A 6 2 
Two 20 17 
Total 82 55 
(b) 
Number of fish Number of fish Locality Abbreviation , . 
(morphometric (morphometric study 
study only) and spots count) 
Guangxi GX 6 6 
Hong Kong HK 12 10 
Phuket PK 6 6 
Philippines PP 10 9 
Malaysia KT 10 10 
Sanwei SW 10 1 
Taiwan TW 15 7 
Xiamen X M 6 
Japan JP 5 2 
Total ^ ^ 
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Table 3.3 Morphological characters recorded on S, canaliculatus/ S. fuscescens 
species complex. Description of characters mainly follows Woodland 
(1990). 
Variable Abbreviation Description 
Caudal peduncle depth CD The least vertical depth of the caudal 
peduncle 
Caudal peduncle length CL Measurement from the midpoint of the base 
of the caudal fin (line of caudal fin flexure) 
to the last anal fin ray 
Greatest body depth I BDI Measurement from the base of the dorsal 
fin spine to the base of the V^  pelvic fin 
spine 
Greatest body depth I I BDH Vertical measurement from the base of a 
dorsal fin spine to the midline of the 
abdomen at the body's greatest depth 
„ , 1 .. ttt The distance between the median Head length HL 
anterior-most point of the upper lip and the 
most posterior point of the fleshy extension 
of the operculum (in relative displacement 
since the two points are not parallel to the 
long axis of the fish) 
T ‘ . 1 J . ‘ XTT From the center of the anterior nostril pore Intemanal distance NL r 
to the center of the posterior nostril pore on 
the same side of the fish 
mterorbital width INOB The least width of the bony interorbital zone 
m、T ^d t The horizontal diameter of the bony orbit at Orbit I o m ^ . . . its inner part of the nm 
Orbit II OBII The horizontal diameter of the bony orbit at 
its rim 
Pectoral fm length PL Length of the longest pectoral fm ray 
^ 1 1 exTT The shortest distance between the median Snout length SNL . … � � � 
antenor-most point of the head at the upper 
edge of the retracted upper lip and the bony 
orbit 
Standard length SL From the anterior-most point of the upper lip 
to the midpoint of the base of the caudal fin 




Table 3.4 Summary of results from regression analysis showing the relationship 
between the specific morphometric index as the dependent variable and 
the standard body length of S. canaliculatus/ S. fuscescens species 
complex from different populations, with samples in PP and X M excluded 
in the CL/CD analysis. Significant (ANOVA, p<0.05) regression 
relationship given in bold. More detailed inforaiation of those showing 
significant regression relationship are shown in Fig. 3.2. Symbols used 
follow those in Table 3.3. 
Indices (Ratios) R square F P 
CL/CD 0.007 0.4 0.529 
HL/ INOB 0.288 33.151 <0.001 
HL/N 0.010 0.791 0.376 
HL /OB l 0.206 21.216 <0.001 
HL/OB2 0.372 48.654 <0.001 
HL/PL 0.067 5.902 0.017 
HL/SNL 0.139 13.235 <0.001 
SL/BDl 0.002 0.170 0.681 
SL/BD2 0.004 0.361 0.550 
SL/HL 0.331 40.508 <0.001 
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Table 3.5 Summary of results of one-way ANOVA comparing differences in 
morphological indices in three genetic groups of S. canaliculatus/ S. 
fuscescens species complex identified in previous molecular study, with 
samples from PP and X M excluded in the CL/CD analysis. Only indices 
not significantly correlated with the standard length of the fish (see Table 
3.4) were used. No significant (p>0.05) differences were detected in all 
analyses. Symbols used follow those in Table 3.3. 
Indices Df F P 
HL /N 2 2.159 0.122 
SL/BDl 2 0.246 0.782 
SL/BD2 2 0.207 0.813 
CL/CD 2 0.580 0.563 
Table 3,6 Summary of results of one-way ANCOVA comparing differences in 
morphological indices in three genetic groups of S. canaliculatus/ S. 
fuscescens species complex identified in previous molecular study, using 
standard length as the covariate. Significant difference detected (p< 0.05) 
given in bold. Symbols used follow those in Table 3.3. 
Indices Df F P 
HL/ INOB 2 2.667 0.076 
HL /OB l 2 0.974 0.382 
HL/OB2 2 3.181 0.047 
HL/PL 2 0.435 0.649 




Table 3.7 Summary of pairwise comparison results from one-way ANCOVA of 
HL/0B2 in different groups. 
Genetic Groups One Two 
One A 0.197 0.026* 
Two 0.060 
Table 3.8 Summary of results of one-way ANOVA comparing differences in 
morphological indices in different populations of S, canaliculatus/ S. 
fuscescens species complex, with samples from PP and X M excluded in 
the CL/CD analysis. Only indices not significantly correlated with the 
standard length of the fish (see Table 3.4) were used. Significant 
differences detected {p< 0.05) given in bold. Symbols used follow those 
in Table 3.3. 
Indices Df F p 
HL/N 8 1.990 0.059 
SL/BDl 8 2.247 0.033 
SL/BD2 8 1.456 0.188 
CL/CD 6 3.385 0.006 
Table 3.9 Summary of results of one-way ANCOVA comparing differences in 
morphological indices in different populations of S. canaliculatus/ S. 
fuscescens species complex, with standard length as the covariate. 
Significant differences detected (p< 0.05) given in bold. Symbols used 
follow those in Table 3.3. 
Indices m F P 
HL/ INOB 8 <0.001 
HL /OB l 8 4.813 <0.001 
HL/OB2 8 7.016 <0.001 
HL/PL 8 4.233 <0.001 
HL/SNL 8 3.626 <0.001 
SL/HL 8 <0.001 
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Table 3.10 Summary of pairwise comparison results of different indices from 
one-way ANCOVA showing differences among different populations. 
Significant differences detected (p< 0.05) given in bold. Symbols used 
follow those in Table 3.2. 
A. HL/ INOB 
Populations GX PK PP K T SW H K T W X M 
PK 0.761 
PP 0.075 0.130 
K T 0.340 0.100 0.002 
SW 0.069 0.147 0.976 0.004 
H K 0.125 0.071 <0.001 0.883 <0.001 
T W 0.513 0.600 0.310 0.005 0.354 0.030 
X M 0.153 0.165 0.861 0.001 0.888 0.001 0.309 
JP 0.713 0.822 0.443 0.086 0.474 0.190 0.866 0.439 
B. HL /OB l 
Populations GX PK PP K T SW H K T W X M 
PK 0.970 
PP 0.002 0.209 
K T 0.181 0.021 0.001 
SW <0.001 0.068 0.454 <0.001 
H K 0.083 0.68 0.045 0.074 0.005 
T W 0.243 0.611 0.077 0.014 0.025 0.942 
X M 0.069 0.904 0.205 0.005 0.061 0.569 0.454 
JP 0.263 0.966 0.440 0.037 0.261 0.771 0.610 0.968 
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Table 3.10 (Cont'd) 
C. HL/OB2 
Populations GX PK PP K T SW H K T W X M 
PK 0.981 
PP 0.074 0.055 
K T 0.339 0.209 0.002 
SW <0.001 <0.001 0.014 <0.001 
H K 0.064 0.077 0.905 0.006 0.007 
T W 0.669 0.533 0.182 0.014 0.002 0.263 
X M 0.471 0.354 0.251 0.014 0.001 0.326 0.727 
JP 0.075 0.019 0.308 <0.001 0.739 0.318 0.011 0.052 
D. HL/PL 
"p^u la t ions GX PK PP KT SW H K T W X M 
PK 0.354 
PP 0.417 0.753 
K T 0.628 0.631 0.858 
SW 0.001 0.020 0.002 0.008 
H K 0.803 0.366 0.456 0.697 <0.001 
T W 0.748 0.460 0.672 0.760 0.003 0.854 
X M 0.09 0.354 0.176 0.115 0.106 0.056 0.051 
JP 0.083 0.132 0.103 0 . 0 2 3 0.901 0.602 0 . 0 0 9 0.322 
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Table 3.10 (Cont'd) 
E. HL/SNL 
Populations GX PK PP K T SW H K T W X M 
PK 0.526 
PP 0.003 0.017 
K T 0.056 0.071 0.595 
SW 0.723 0.668 0.001 0.034 
H K 0.032 0.206 0.177 0.603 0.034 
T W 0.271 0.469 0.085 0.130 0.272 0.587 
X M 0.456 0.914 0.011 0.046 0.561 0.207 0.459 
JP 0.017 0.009 0.340 0.089 0.009 0.123 0.005 0.005 
F. SL/HL 
"p^u la t ions GX PK PP K T SW H K T W X M 
PK 0.837 
PP 0.076 0.104 
K T 0.638 0.377 0.014 
SW 0.129 0.078 <0.001 0.403 
H K 0.460 0.658 0.156 0.221 0.006 
T W 0.049 0.003 <0.001 0.008 0.261 0.002 
X M 0.217 0.073 <0.001 0.338 0.950 0.022 0.135 
JP 0.010 <0.001 <0.001 <0.001 0.031 0.001 0,036 0.008 
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Table 3.11 Summary of results from one-way ANOSIM of S. canaliculatus/ S. 
fuscescens species complex grouped by three genetic groups. Global R 
value and R values for each pairwise test indicated. A l l R-values were 
smaller than 0.75, indicating populations in all cases were not 
well-separated. *;?<0.05. 
A. Index CL/CD not included in the analysis 
Global R=-0.QQ9,p=0.527 
Groups One Two 
One A 0.094 0.232* 
T ^ -0.058 
B. Index CL/CD included in the analysis 
Global R=-a076，p=0.904 
Groups One Two 
One A -0.094 0.016 
T ^ -0.074 
C. Spots counts data included but index CL/CD not included in the analysis 
Global R=0.113,p=0.Q16 
Groups One Two 
One A 0.419* 0.489* 
T ^ 0.061 
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Table 3.12 Summary of results from one-way A N O S M of S. canaliculatus/ S. 
fuscescens species complex grouped by populations. Global R value and 
R values for each pairwise test indicated. R-values in bold indicate 
well-separated populations (R>0.75). */><0.05. 
A. Index CL/CD not included in the analysis 
Global R=0.257，严 0,01 
Pairwise test results 
Populations GX PK PP KT SW HK TW X M 
GX 0,400* 
PK 0.474* 
PP 0.646* -0.010 
KT 0.453* 0.165 0.378* 
SW 0.103 0.122 0.203* 0.594* 
HK 0.533* -0.146 0.057 0.040 0.247* 
TW 0.202 -0.073 0.122 0.17* 0.272* 0.147* 
X M 0.925* -0.021 0.068 0.359* 0.085 0.101 0.129* 
JP 0.925* 0.909* 0.697* 0.824* 0.751* 0.482* 0.630* 0.610* 
B. Index CL/CD included in the analysis 
Global R二0.232，p=0.01 
Pairwise test results 
Populations GX PK K T SW H K T W 
PK 0.344* 
K T 0.707* 0.192* 
SW 0.518* 0.121 0.532* 
H K 0.110 -0.145 0.017 0.179* 
T W 0.509* -0.105 0.259* 0.294* 0.185* 
X M 0.258 0.321* 0.431* 0.207 -0.015 0.445* 
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Table 3.12 (cont'd). 
C. Spots counts data included, but index CL/CD not included in the analysis 
Global R=0.489,p=0.Ql 
Pairwise test results 
Populations GX PK PP K T H K T W X M 
PK 0.494* 
PP 0.981* 0.956* 
K T 0.564* 0.106 0.936* 
H K 0.148 0.086 0.529* 0.371* 
T W 0.578* 0.279* 0.538* 0.431* 0.179 
X M 0.257* 0.378* 0.726* 0.607* -0.008 0.324* 
JP ^ 1* 0.802* 0.802* 0.430* 0.643* 0.563 
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Fig. 3.1 Sampling locations in Indo-west Pacific region for S. canaliculatus/ S. 
fuscescens species complex. JP= Wakayama, Japan; TW= Chi-lung，Taiwan, 
China; XM= Xaimen, China; SW= Sanwei, China; HK= Hong Kong, China; 
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Fig. 3.2 Regression analysis on different morphometric indices vs. standard length (cm), 
with r 2 and p values indicated. 
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Fig. 3.3 Mean (士 SD) HL/0B2 values in different genetic groups. One-way ANCOVA 
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Fig.3.5 Percentage proportion of each category in spots patterns in different 
populations, (a) Rows of spots between base of anterior half of dorsal fm and 
the lateral line, (b) Size of the largest spots between lateral line and the base of 
anterior half of dorsal fm. (c) Size of spots in row immediately below lateral 
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Fig.3.6 Percentage proportion of each category in spots patterns in different genetic 
groups, (a) Rows of spots between base of anterior half of dorsal fin and the 
lateral line, (b) Size of the largest spots between lateral line and the base of 
anterior half of dorsal fin. (c) Size of spots in row immediately below lateral 
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Fig. 3.7 Multidimensional scaling (MDS) plots on the nine morphometric indices of S. 
canaliculatus/ S. fuscescens species complex, grouped according to genetic 
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Fig. 3.8 Multidimensional scaling (MDS) plots on the ten morphometric indices of S. 
canaliculatus/ S. fuscescens species complex, grouped according to genetic 
groups identified in previous molecular study. Index CL/CD was included in 
the analysis but fish samples from PP, JP and some samples from X M were 
excluded. Note stress value slightly over 0.20, 
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Fig. 3.9 Multidimensional scaling (MDS) plots on the nine morphometric indices and 
spots counts of S. canaliculatus/ S. fuscescens species complex, grouped 
according to genetic groups identified in previous molecular study. Index 
CL/CD was excluded in the analysis. Number of samples from each group 
included in this analysis is listed in Table 3.2. Note stress value slightly over 0.20. 
144 
Chapter three 
“ "“ 2D Stress: 0.19 II S/leS 
A ‘GX 
* T P K 
• PP 
A •KT 
A • S W 
^ • +HK A X A • XTW X • X 个 本 XM 
• A 父擊 # ：< X 丨AJP 
• • 丄 • • 々 * • 
* * • + • * 头 + 
• • • + • 
Fig. 3.10 Multidimensional scaling (MDS) plots on nine morphometric indices of S. 
canaliculatus/ S. fuscescens species complex, grouped according to populations. 
Index CL/CD was excluded in this analysis. Symbols for sampling localities: 
GX=Guangxi, PK=Phuket, PP=Philippines, KT=Kuantan, SW=Sanwei, 
HK=Hong Kong, TW=Taiwan, XM=Xiamen, JP=Japan. 
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Fig. 3.11 Multidimensional scaling (MDS) plots on ten morphometric indices of S. 
canaliculatus/ S. fuscescens species complex, grouped according to populations. 
Index CL/CD was included in the analysis, but fish samples from PP, JP and 
some samples from X M were excluded. Symbols for sampling localities follow 
those in Fig. 3.10. Note stress value slightly over 0.20. 
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Fig. 3.12 Multidimensional scaling (MDS) plots on nine morphometric indices and spots 
counts of S. canaliculatus/ S. fuscescens species complex, grouped according to 
populations. Index CL/CD was excluded in the analysis. Number of samples 
from each population included in this analysis is listed in Table 3.2. Symbols 
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Fig.3.13 Bubble plots showing relative contributions of categories of spots counts to the 
MDS plot shown in Fig.3.12. Category of each data point indicated, (a) Rows of 
spots between base of anterior half of dorsal fin and the lateral line, (b) Size of 
the largest spots between lateral line and the base of anterior half of dorsal fin. (c) 





The Siganus canaliculatus and S.fuscescens species complex -
An evaluation 
4.1 Introduction 
The bony fish family Siganidae consists of a single genus Siganus, which is 
further subdivided into two subgenera, Siganus and Lo. Among all the 28 species 
recognized under this family, seven pairs, one triplet, and all five species of the 
subgenus Lo were considered as sibling clusters by Woodland (1990). 
Conceptually, ‘sibling，refers to taxa having similar, often indistinguishable, body 
proportions and similar though recognizably different color patterns (Adams and 
Woodland, 1994). The species complex that includes Siganus canaliculatus and S. 
fuscescens is one of the examples. The great similarity of their body proportions 
and color patterns, as well as their parapatric distribution presented the greatest 
challenge to the taxonomists (Woodland, 1990; Adams and Woodland, 1994). 
Siganus canaliculatus (Park 1797) and S, fuscescens (Houttuyn 1782) were 
classified under the family Siganidae, subgenus Siganus. Both taxa are 
extensively distributed throughout the west and Indo-West Pacific (Table 4.1). 
Siganus canaliculatus has an Indo-West Pacific distribution that ranges from 
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Kenya in western Indian Ocean, to Persian Gulf and the Indo-Malayan region. 
Siganus fuscescens, on the other hand, has a more western Pacific distribution but 
with the greatest latitudinal range among all the siganids. It is reported as far north 
as southern Japan to as far south as Southeastern Australia. The two species, 
however, are distributed sympatrically over a large part of the central Indo-Pacific 
Region. In China, S. canaliculatus appears in South China Sea and the southern 
East China Sea (Zhu et al, 1963)，while S. fuscescens appears in South China Sea, 
East China Sea and rarely in southern Yellow Sea (Zhang 1960). As noted by 
Sadovy and Comish (2001), though S. fuscescens was reported in Hong Kong 
before, only S. canaliculatus was believed to be present after their extensive 
survey of fish fauna in Hong Kong. 
Since they have sympatric distribution over a large area and are often considered 
to be the same species, it is difficult to recognize whether the description in the 
past records refers to S. canaliculatus or S. fuscescens (Woodland, 1990). In the 
revision of Siganidae by Woodland (1990)，the descriptions of the two species 
were extremely similar. Both of them are olive green or brown above to silvery 
below, with pearly blue/ creamy white spots on nape and body, though the size, 
number and distance of the spots were found to be slightly different between the 
two species. When frightened or during sleep, this fish wi l l display fright pattern, 
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i.e. mottled with chocolate brown, pale brown and white splotches, and a few dark 
diagonal zones running across side of the body. This fright pattern often appears in 
market specimens and the preserved ones, and is also adopted by other drab 
species like S. argenteus, S luridus and S. sutor. Even i f the fright pattern does not 
persist after preservation, the normal patterns of spots and lines are almost 
invariably lost. Therefore, as noted by Woodland (1990), it is almost impossible to 
distinguish many preserved specimens of the closely related S. sutor, S. 
canaliculatus and S. fuscescens with very similar body shapes. 
As in other siganids, S. canaliculatus and S. fuscescens are herbivores and feed 
mainly on seaweed. However, they have a diverse habitat, ranging from coral 
reefs, seagrass and seaweed bed to rocky shores. They are schooling species with 
school size that decreases with age (Woodland 1990). In Hong Kong, S. 
canaliculatus is reported to be common and widespread. It inhabits a highly 
diverse habitat, ranging from coral community and rocky shore, to the turbid and 
polluted waters of typhoon shelters and Victoria Harbor (Sadovy and Cornish, 
2001). Regarded as a commercially important species, they are taken by hook and 
line, nets, traps and trawls. 
As cited by Woodland and Adam (1994)，the identification of S, canaliculatus and 
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S. fuscescens has been a great challenge to taxonomists starting from the 
century. After comparing many specimens of different ages, Bleeker (1851, 
reviewed by Woodland and Adam 1994) finally came to a conclusion that S. 
fuscescens has a deeper body, smaller and more numerous spots on the back and 
sides, and the big brown spot on the shoulder of S. canaliculatus is missing. Some 
other differences in ratios and counts were also pointed out in his study. However, 
when Woodland (1990) tried to verify these observations, only the differences in 
number and size of spots were found valid. The reason for Woodland to put them 
into separate species is due to the baskets of both species that came into Singapore 
markets as separate lots. According to local fishers in Singapore, S. canaliculatus 
was more likely to be found in more turbid inshore waters, in and about the river 
mouth, while S. fuscescens was commonly found in offshore, clearer waters, 
especially above reefs. 
To solve this perplexing species problem, genetic analysis was applied in addition 
to the traditional morphological characterization. Adams and Woodland (1994) 
first employed allozyme to resolve the species problem between S. canaliculatus 
and S. fuscescens. In their study, 44 loci were used to reveal the genetic 
differences among 95 specimens. The specimens were first classified into 
operational taxonomic units based on their coloration prior to genetic analysis. 
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From the results, three distinct clusters were evident. The samples from different 
countries classified as S, canaliculatus were grouped together, while the samples 
classified as S. fuscescens split into two groups; the Southeast Asia group and the 
northern Australia group. It was then concluded that S. canaliculatus is a valid 
species, and there may be an existence of one more cryptic species under S. 
fuscescens. Recent studies using cytochrome b sequence (Lemer et al 2007), as 
well as cytochrome b sequence plus 16S rRNA gene (Borsa et al. 2007) also 
confirmed the occurrence of two different clades within S, fuscescens. In contrast, 
however, another more current study using mitochondrial cytochrome b and 
nuclear ITSl demonstrated a different picture regarding this species complex 
(Kuriiwa et al. 2007). Both species formed a complex genetic mosaic with no 
substantial genetic differentiation between them in both mitochondrial and nuclear 
DNA analyses. It was proposed that they are genetic color morphs within a single 
biological species. Owing to these contrasting results from these studies, the 
question as to whether S. canaliculatus and S, fuscescens are two valid species 
remains unresolved. 
In this chapter, I wi l l try to look into the species problem of the S. canaliculatus/ S. 
fuscescens species complex by integrating data from genetic and morphological 
studies in the previous chapters, and compare the results from the present study 
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with those of previous studies related to the two species. 
4.2 Materials and methods 
This section of the study is divided into three parts. The first part focuses on the 
comparison of previous studies or descriptions on morphological differences 
between S. canaliculatus and S. fuscescens. Analysis based on these 
morphological characters was then applied on the samples examined in the 
present study. The siganid samples analyzed in this chapter are the same as those 
in Chapter 3，listed in Table 3.2(b) and the methods used for measurements of the 
characters are also the same as those listed in Chapter 3. A total of 84 samples 
were used in the morphometric comparison, while 57 samples were used in the 
morphometric plus spots counts study. 
The second part involves genetic comparison (mitochondrial DNA control region) 
of the samples examined in part one, to see i f morphological characters claimed to 
be useful for species identification can be matched with genetic information. 
Methodologies on the genetic analysis are given in details in Chapter 2. 
Though samples were all considered as S. canaliculatus/ S. fuscescens species 
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complex at the beginning of the study (in Chapters 2 and 3)，samples from PP, JP 
and two samples from X M were in fact claimed to be S. fuscescens by the local 
fishers or collectors. Hence, whether these potential S. fuscescens candidates 
(designated as PSFl for future reference below) differ in their morphology or 
genetics were also investigated. Since S. canaliculatus and S. fuscescens appeared 
to be two separate species in the study by Borsa et al. (2007), 22 individuals in 
the present study were selected for further genetic analysis, using cyt b and 16s 
rRNA as the markers, as in Borsa's study. Sequences obtained were compared 
with those from Borsa's. 
The third part of this study is the synthesis of findings in parts one and two with a 
discussion on the potential presence of cryptic species within these two nominal 
species, and their relationship with the closely related species in the family 
Siganidae. 
4.3 Results and discussion 
4.3.1 Meristics and morphometries 
The question on whether the two sibling species, S. canaliculatus and S. 
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fuscescens are two valid species remains a great challenge to taxonomists, due to 
marked similarity in their appearances. Together with the overlapping ranges in 
their geographical distribution, it is almost impossible to deduce any reliable 
morphological characters that are useful for diagnostic use. In the extensive 
revision of Siganidae by Woodland (1990), he pointed out that all 62 
morphometric measurements and nine counts he applied were not successful in 
separating the sibling species, including the pair S. canaliculatus and S. 
fuscescens. Among the seven previous studies describing the morphology of the 
two species, discrepancies do exist, especially the descriptions of the 
morphometric characters (Table 3.1). Except for the number of dorsal and anal fin 
spines, ranges were described for all the other characters, indicating the existence 
of variations even between individuals. Ranges of each of these characters almost 
always overlap either between the two species as described in the same study, or 
between descriptions of the same species from different studies. Apparently, most 
of these characters are not good enough for diagnostic use, except for a few. 
Among the meristic characters, Ma and Liu (2006) suggested that the two species 
differ by their number and shapes of teeth (Table 3.1b). Siganus canaliculatus has 
26 upper jaw teeth and 27 lower jaw teeth with two or three peaks; while S. 
fuscescens has 28 upper jaw teeth and 28 lower jaw teeth with two peaks only. 
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However, the size of the samples examined was not stated by Ma and Liu (2006), 
hence it was difficult to evaluate the statistical validity of this observation. On the 
other hand, teeth were found broken in many of the siganid samples examined in 
the present study. Among those samples with remaining teeth, preliminary 
examination indicated that all of them possessed teeth with two peaks in the lower 
jaw. However, teeth of some individuals were so closely packed that identification 
of peaks was difficult. Hence, the use of teeth characteristics as diagnostic 
characters to distinguish the two species cannot be well established and was not 
further verified in the present study. Furthermore, Ma and Liu (2006) also 
proposed that the shapes of otolith and parasphenoid in the skull can be used to 
distinguish the two species. But this conclusion, again, cannot be accorded 
statistical validity as the number of individuals used in the investigation of these 
two characters was not indicated in their study. Moreover, dissection and 
observation under the microscope or even a 3D scan is necessary for otolith and 
parasphenoid analysis, hence would not be a practical diagnostic character for 
identification in the field. Owing to the difficulty in the analysis of these two 
characters and the shape difference of them being not well described in Ma and 
Liu's study, the validity of using these characters to distinguish the two species 
was not investigated in the present study. 
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The number of scales above the lateral line was also found to be different between 
S, canaliculatus and S. fuscescens (Zhang et al. 1962; South China Sea Fishes 
Institute et al, 1979). Woodland (1990) even noted the geographic variation in this 
character between the Pacific and Indian Ocean S, canaliculatus. Nevertheless, 
this character was not examined in the present study as the size of the scales was 
too tiny (< 1 mm) and were all embedded under the skin, making accurate and 
reliable counts practically impossible (Golani 1990). In a preliminary study using 
this character, great difficulty was encountered in following the row of scales 
from the lateral line to the dorsal fin of the fish. Repeated trials only ended with 
highly variable count even on the same individual. Attempts to verify the use of 
this character as a diagnostic key to distinguish the species were finally 
discontinued. 
Among the morphometric measurements, Myers (1991) mentioned that the two 
species differ in their head to pectoral fin length ratio (Table 3.1a) in his field 
guide of fishes in Micronesia. He noted that S. canaliculatus has a slightly more 
pointed snout, with head length to pectoral length ratio (HL/PL) equals to 1.1 to 
1.3，while S. fuscescens has HL/PL larger than 1.4. Though Myers did not 
mention how many siganid samples he had investigated or where did the samples 
come from, it is the only morphometric character claimed to be useful in the 
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diagnosis of the two species. 
In the present study, most results of HL/PL fall within the range of 
Sxanaliculatus defined by Myers (HL/PL=1.1-1.3), except one from KT, six from 
SW, three from X M and one from JP (11 in total) that fall within the range of S. 
fuscescens (HL/PL>1.4). These individual samples are henceforth designated as 
SPF2 for future reference below. The larger proportion of individuals from SW 
having a value of HL/PL >1.4 makes SW population significantly different from 
the other populations in the one-way ANCOVA analysis (see Chapter 3 for 
details). Surprisingly, the HL/PL ratio of most of the PSFl samples did not fall 
within the range of S. fuscescens, except for one JP sample. 
Three genetic groups were revealed based on sequence analysis of the 
mitochondrial DNA control region of the samples examined in the present study 
(see Chapter 2 for details). Though none of the morphometric measurements were 
found useful in identifying these groups, there is a probability that these groups 
are indeed representing different species. From the results of one-way ANOVA or 
ANCOVA, no significant difference was found in the HL/PL ratio when samples 
were considered under the three genetic groups (Chapter 3). Fig. 4.1 shows the 
phylogenetic tree of samples used for morphometric measurements (number of 
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samples in the tree is two less than the number of samples used solely for 
morphometric analysis as two of the JP samples could not be sequenced). For the 
11 PSF2 individuals mentioned above that showed a HL/PL ratio >1.4 (the 
supposed characteristic of S. fuscescens), no obvious trend can be found among 
them with respects to their genetic groupings. Seven of them belong to Group 
One, one to Group One A and three to Group Two. Hence, there is no evidence so 
far to show that HL/PL ratio is useful for distinguishing S. canaliculatus from S. 
fuscescens in the present study. 
Based on the other morphometric indices, the potential S. fuscescens candidates 
from PP and JP were not significantly different from the other populations. 
Though JP was significantly different from samples from the other sites in terms 
of SL/HL, very significant difference was found between PP and JP. From the 
MDS plot (Fig.3.10), a high level of overlapping among the populations was 
found, with no signs of grouping according to the two potential species. The PSFl 
and PSF2 samples were not clustered together, nor were they clearly separated 
from samples from all the other sites. 
4.3.2 Spots counts 
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Besides HL/PL, color patterns are considered to be a key factor to identify the 
sibling species of Siganidae. In general, S. fuscescens is described as having 
darker (Chen et al 1997) and smaller spots in larger amount (Woodland 1990)， 
darker body coloration (Zhang 1962; Chen et al 1997; Allen et al 2003)，and 
sometimes having a larger size and appearing more offshore according to fishers 
in Santou, China. However, both species may appear dark with spots faded away 
after death. The size and total number of spots may vary with the age of the fish, 
making these characters not very reliable. In the present study, three spots counts 
were chosen based on the description of Woodland (1990) to distinguish the two 
sibling species (see Chapter 3 for details). 
As spots had faded out in some of the individuals, the number of fish used for 
spots count analysis is less than those in morphometric measurements (see Table 
3.2b). Ignoring the SW population with only one sample available, only the PK 
samples show consistency in all three counts, i.e. always possessing the category 
1 characteristics (i.e. the S. canaliculatus pattern) (see Figure 3.5). Samples from 
other populations obtained a mixture of categories in one, or all three characters. 
Among those PSFl samples, spots count analysis was carried out on nine PP and 
two JP samples that retained their spots. A l l nine PP samples always possess the 
largest proportion of category 2 or 3 characteristics (i.e. the intermediate pattern 
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between the two species or the S. fuscescens pattern). It is this difference in the 
proportion of spots count categories in PK and PP samples that led to the 
clustering of their own populations in the MDS plot (see Fig. 3.12). Spots count 
pattern of the two JP samples is less clear. They show S. canaliculatus pattern in 
character B, but either S. canaliculatus or S, fuscescens pattern in characters A and 
C. 
For those 11 PSF2 samples, only one KT and three X M samples retained their 
spots and were used in the spots count analysis. The KT sample shows category 1 
spots pattern (i.e. S. canaliculatus pattern) in all three characters, which is 
contradictory to the result obtained based on HL/PL. The results of the three 
samples from X M are mixed as follows: A2, B3, CI ; A l , B2, C2; A l , B I , C2, 
indicating that a mixture of spots patterns from both species was found with no 
obvious trend observed. 
The distribution of spots patterns in the three genetic groups identified in the 
phylogenetic tree is shown in Fig. 3.6. Group Two always possesses the largest 
proportion oiS. canaliculatus pattern. For character B, though intermediate spots 
pattern between the two species was present, the S. fuscescens pattern (Category 3) 
did not appear in Group Two. The S. fuscescens pattern is more dominant in 
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Groups One and One A, with the absence of canaliculatus pattern in characters 
A and B in Group One A . . 
In short, the PSF2 samples in the present study were not separated from the others 
in the morphometric analysis, nor grouped together in the spots count and 
phylogenetic analysis. Hence, the use of HL/PL as a diagnostic character to 
separate S. canaliculatus and S. fuscescens, as suggested by Myers (1991), is 
questionable. 
Following the definition of Woodland (1990) in terms of spots counts, samples 
from PK are most probably S. canaliculatus, while the PP samples are likely to be 
S. fuscescens. Besides, Group Two, the genetic group that is mainly distributed in 
the Indian Ocean, contains the largest proportion of S. canaliculatus. Color 
polymorphisms are common in many coral reef fishes, with two or more color 
variants co-ocurring within the same 'putative' species (DeMartini and Donaldson 
1996； Messmer et al. 2005). Environmental conditions (selection of certain color 
morphs in particular habitats) (Crook 1997; Medioni et al 2001) and aggressive 
mimicry of model species (Messmer et al. 2005) are reasons commonly employed 
by scientists to explain their occurrence. Though, it is often unknown whether 
these color morphs represent phenotypes with no genetic differences, or separate 
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species supported with molecular evidence. 
Intermediate spots patterns described by Woodland (1990) can be found in some 
samples examined in the present study. This makes the examination itself, as well 
as the interpretation of results more challenging. In addition, as the spots faded 
easily after death, this further limits the number of specimens available for 
investigation. After all, though the S. canaliculatus pattern is dominant in Group 
Two while S. fuscescens pattern is dominant in Groups One and One A, whether 
these two color moiphs really represent two valid species with different genotypes 
remains unresolved for the following reasons: firstly, intermediate exists between 
the two patterns (in category B); secondly, some individuals have S. canaliculatus 
pattern in one character while having S. fuscescens pattern in the other; thirdly, 
individuals do not always fall into the "right" group. For example, some GX and 
KT individuals having S. canaliculatus pattern for all three categories fall into 
Group One but not Group Two of the three genetic groups, indicating that color 
polymorphism does not always agree with genetic differentiations based on the 
mitochondrial marker. There are several other studies on reef fishes which 
revealed color variation as being incongruent with mitochondrial lineages, such as 
in the three spots damselfish (Bemardi et al 2002), hamlets (Garcia Machado et 
al. 2004), Pseudochromis damselfish (Messmer et al 2005), pygmy angelfish 
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(Bowen et al 2006) and browncheek blenny (Lin et al 2009). It was suggested 
that color variations maybe phenotypic responses to the environment, or may 
represent ‘residual geo-graphic variation' retained from the common ancestor with 
no direct relationship in the relatively recent genetic isolation of the species (Lin 
et al 2009). As pointed out by Rocha et al (2007), the reason why molecular data 
often contradict the morphologically identified taxa is because the genetic markers 
(e.g. mitochondrial DNA) are not linked to morphology. As more genes are 
mapped, studies on genes that code for and regulate the expression of color in reef 
fish would be a milestone for phylogeographical analysis in the future. 
4.3.3 Cryptic species 
Many marine organisms, especially the shore fish species, are widely distributed. 
The range of about half of all Indo-Pacific reef fishes spans throughout the 
Indo-West Pacific or even beyond it (Gill and Kemp 2002). It was suggested that 
some of these widely distributed species are only results of inadequate 
understanding and taxonomic practice, as researchers usually failed to identify, or 
just ignored the geographic forms within the species range. Whether these 
geographic forms should be regarded as sub-species, or even full species, has 
remained contentious, with different criteria to distinguish intraspecific forms 
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from full species proposed by different scientists (e.g. Randall 1998，Gill and 
Kemp 2002). Molecular studies have been used in recent decades to provide 
additional evidence on this issue, to compare the genetic divergence among 
different phenotypes of a nominal species with reference to the differentiation 
among closely related species. 
In the present study, though slight variation of body coloration was observed 
among individuals belonging to the S. canaliculatus/ S. fuscescens species 
complex, and deep divergence was found between the Pacific Ocean Groups and 
the Indian Ocean Group from the phylogenetic study, these results do not seem to 
fully support each other. The difficulty of using spots pattern as a diagnostic key 
has just been discussed; yet, the question remains as to whether the Pacific and 
Indian Ocean Groups represent cryptic species, or even two full species? Here, I 
wi l l try to look into this matter by comparing my results with other phylogenetic 
studies involving the closely related species in the family. 
From the phylogenetic study of the family Siganidae by Borsa et al (2007), all 
four nominal species, S. rivulatus, S. luridus, S. canaliculatus and S. fuscescens 
involved in constructing the phylognetic tree in the present study were placed 
under the clade with fusiform body shape, showing a close relationship among 
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them (Fig. 4.2). According to the review on Siganidae by Woodland (1990)，the 
outgroup used in the present study, S. luridus, is distributed in the western Indian 
Ocean, Red Sea and the Mediterranean, which is parapatric with S. canaliculatus. 
Yet, it is easy to distinguish it from other siganids occurring in the area by the 
presence of blue to silver lines on its body, as well as its long nostril flaps and 
small maximum size. Phylogenetic analysis revealed a basal position of luridus 
in the fusiform clade of Siganidae (Borsa et al. 2007; Lemer et al 2007)， 
supporting our present results in which high divergence of about 7% was found 
between S, luridus and all other samples ofS. canaliculatus/ S. fuscescens species 
complex. 
One of the most surprising results of the present study is the deep divergence 
between the Pacific Ocean Groups and the Indian Ocean Group observed in S. 
canaliculatus/ S. fuscescens species complex. This differentiation is even larger 
than the interspecific one, in which S. rivulatus was not branched externally as the 
outgroup in the phylogenetic tree, but was placed sister to the Indian Ocean Group 
(see Fig. 2.2). The divergence between S. rivulatus and Group One was 4.8% and 
4.1% with Group Two. This is smaller than the divergence between the Pacific 
and the Indian Ocean Groups of the S. canaliculatus/ S, fuscescens species 
complex at about 5%. 
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According to Woodland (1990), S. rivulatus is distributed allopatrically with the S. 
canaliculatus/ S. fuscescens species complex. It is confined to the Red Sea, Gulf 
of Aden and spreads from the Red Sea into eastern Mediterranean, with the first S, 
rivulatus reported at Syria in 1929 (Woodland 1990). It is easy to distinguish it 
from the S. canaliculatus/ S. fuscescens species complex by the yellow lines on its 
side in live specimens. However, problems may arise when all colorations 
disappear after preservation. Woodland (1990) encountered some difficulties 
when examining the types of S, rivulatus because there were no color patterns 
visible. On top of this, S. rivulatus and S. canaliculatus were so similar in the 
shape of their fins and body proportions, except the number of scale rows above 
the lateral line. Phylogenetic studies of Siganidae also demonstrated close 
relationship between the two species. Lemer et al (2007) showed close 
relationship between S. rivulatus sampled from the Mediterranean and S. 
fuscescens sampled from New Caledonia and the Philippines using 300bp 
cytochrome b, with each species forming a monophyletic group. In Borsa et al. 
(2007), in addition to the 300bp cytochrome b, 521bp 16S rRNA was added to the 
phylogenetic analysis of rabbitfish, with increased sample size and species 
involved. Siganus fuscescens from New Caledonia clustered to form two 
subgroups, while the two S. canaliculatus sampled from Riau and Solomon 
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Islands fell into the other group together with S. sutor from Mascarene 
Archipelago and S. rivulatus from the Mediterranean. Owing to similarity in its 
body shape and its isolated geographical distribution with the S. canaliculatus/ S. 
fuscescens species complex, it was also suggested that S. rivulatus may be an 
offshoot of the ancestral S. canaliculatus/ S. fuscescens species complex that 
experienced geographic isolation (Lemer et al 2007) probably near the Red Sea 
region in the Indian Ocean. 
Similar case was also observed in the rabbitfish pair, S. guttatus and S. lineatus 
(Lemer et al 2007). The Indian Ocean individuals of S. lineatus were clearly 
distinct from those in the Western Pacific, and branched externally to the clade 
formed by the western Pacific S. lineatus and S. guttatus sampled from Indonesia. 
As proposed by the authors, there could be an ancient allopatric differentiation 
event that occurred in the population ancestral to both S. guttatus and the western 
Pacific S. lineatus, isolating the Indian Ocean population from the rest of the 
populations. Afterwards, allopatric differentiation occurred again between S. 
guttatus and S, lineatus in the Pacific Ocean that subsequently underwent 
secondary contact and probably hybridization (Kuriiwa et al 2007). 
Considering the present day geographic distribution of the different groups 
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obtained from the present study together with the phylogenetic relationships with 
the closely related species, similar scenario might have happened with the S. 
canaliculatus/ S. fuscescens species complex: a separation of Indian Ocean and 
Pacific Ocean populations from the stock that is ancestral to both S. canliculatus/ 
S. fuscescens species complex and S. rivulatus. Subsequent allopatric 
differentiation occurred within populations in the Indian Ocean, isolating the Red 
Sea population, which finally evolved into S. rivulatus. The same could also occur 
in the western Indian Ocean also where S. sutor was then formed. 
The Red Sea exhibits a high degree of endemism among different taxa, including 
the siganid species of S. rivulatus, S. stellatus and a distinctive population of S. 
luridus (Woodland 1990). The hypersaline environment due to extensive 
evaporation in the present days (average 40 ppt in northern part) and during the 
time of lowered sea level in Pleistocene was believed to contribute to the 
formation of endemic species in this unique water mass. Red Sea is connected to 
the Indian Ocean through the narrow, shallow Strait of Bab el Mandab, in which 
any fluctuation of sea level would lead to changes in the strait profile. The 
lowering of the sea level would decrease the exchange of water through the strait, 
leading to increased evaporation rate and salinity. A l l these could enhance the 
process of species formation. 
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The genetic differentiation between the Indian and Pacific Ocean residents of the 
same species due to the separation of the two oceans by lowered sea level and 
tectonic movements is well documented and discussed in Chapter 2. In fact, the 
great inter-oceanic differentiation between rabbitfish was also highlighted by 
Kuriiwa et al (2007). The differentiation of the zyib sequence between S. 
canaliculatus from the Indian Ocean (Phuket) and those in the Pacific Ocean was 
6.8%, while the average interspecific differentiation of other species was only 
about 0.4%. The sample size in his study, however, was rather small (only two 
samples in the Indian Ocean). A large inter-ocean differentiation exceeding the 
inter-species differentiation was also found in the starfish Linckia laevigata and L 
multifora (Williams 2000)，and a number of butterflyfish species (McMillan and 
Palumbi, 1995). Given the great genetic differentiation between the Pacific Ocean 
Groups and Indian Ocean Group in the present study, the existence of two cryptic 
species is suspected. 
Comparing the results from Borsa et al (2007) (Fig. 4.2) with those from the 
present study, the two subgroups of S. fuscescens from Riau, New Caledonia and 
islands northeast to Australia in Borsa et al seem to resemble the Pacific Ocean 
Groups in the present study, while their two S. canaliculatus samples from Riau 
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and Solomon Islands that grouped together with S. rivulatus likely resemble the 
present Indian Ocean Group. To test this interpretation, 22 individuals from 
different populations and genetics groups were selected for further genetics 
analysis, using the primers employed by Borsa et al (2007). After alignment, 
fragment of mitochondrial cyt b (300 bp) and 16s rRNA (525 bp) were obtained 
and compared with those sequences from Borsa's study. Since the 16s rRNA 
sequences displayed very low differentiation (even compared with S. luridus and 
S. rivulatus, data not shown), only the cyt b sequences were used to construct the 
phylogenetic tree using the neighbor-joining method (Fig. 4.4). Two groups were 
observed from the tree and support the interpretation above in general - the 
Pacific Ocean Groups' individuals (Group One and Group One A) clustered with 
all the S. fuscescens sequences from Borsa's to form one group, while the Indian 
Ocean Group's individuals (Group Two) grouped with the S. canaliculatus 
sequences. Yet, surprisingly, one sequence from the Indian Ocean Group (PK 5) 
falls into the Pacific Ocean Group. 
.Owing to the contradictory results from the analysis of the mitochondrial DNA 
control region and cyt b sequences, no concrete conclusion can be drawn so far 
about the status of the S. canaliculatus and S. fuscescens species complex. Yet, 
the interpretations need to be viewed with cautions as the number of samples 
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examined in Borsa et al. study was small, especially the S. canaliculatus samples 
(only two samples). Moreover, the morphological criteria used to identify S. 
fuscescens and S. canaliculatus in their study may not be accurate as the two 
species are extremely similar in appearance, and spatial variations may be present 
within the species (Woodland 1990，Adams and Woodland 1994). Further 
morphological study and additional ecological information on the two groups may 
be needed before any conclusions can be made on whether they indeed represent 
two different species. As pointed out by some scientists in earlier studies, 
reproductive incompatibility is essential in order to consider the individuals as 
separate biological species (Mayr 1940). From the study by Kuriiwa et al (2007)， 
in spite of the large genetic differentiation between individuals ofiS". canaliculatus 
from the two ocean basins, one of the four ITSl clones from an Indian individual 
had the same sequence as those from the Western Pacific individuals (Fig. 4.3). 
This is a good evidence to suggest that hybridization has occurred between these 
two putative cryptic species. In fact, hybridization was found to be common not 
only between cryptic species, but also between distantly related species, with 
hybridization believed to have taken place in 11 of the 20 known siganid species 
(Kuriiwa et al. 2007). Therefore, whether hybridization occurred between the 
three genetic groups within S. canaliculatus/ S. fuscescens species complex 
identified in the present study and S. rivulatus, or in other words, whether 
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reproductive isolation had evolved so that these groups can be considered as 
separate biological species, is yet to be confirmed. Application of the nuclear 
marker, e.g. ITSl or additional markers on a larger sample size and in a wider 
range, especially in the Indian Ocean populations, may better address this 
question. 
Besides the deep inter-oceanic divergence,, the present study also confirms the 
existence of sub-groups with mild genetic differentiation within the Pacific Ocean 
populations. Borsa et al (2007) also discovered two groups in the Pacific S, 
fuscescens’ one from New Caledonia and Solomon Island, and the other one with 
a wider range, from New Caledonia, Solomon Island, islands at northeastern 
Australia to Riau Archipelago in Southeast Asia. Similarly, Adam and Woodland 
(1994) found that S. fuscescens is split into two groups; the Southeast Asia group 
(Singapore and Philippines) and the northern Australia group. Here in the present 
study, i f ignoring those individuals from the Indian Ocean Group appearing in the 
Pacific Ocean, a sub-group (Group One A) can be identified within the South 
China Sea that is distributed at a decreasing trend from Taiwan, coast of mainland 
China to area near Singapore. Though genetically differentiated, samples from 
Group One A are morphologically indistinguishable from those of Group one (see 
Chapter 3). A complete survey on the entire geographic range of the S. 
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canaliculatus and S .fuscescens species complex with additional molecular 
markers should reveal the distribution pattern and the relationships of these 
groups more clearly. 
In summary, after the integrated interpretation of results from genetic and 
morphometric analyses on S。canaliculatus/ S. fuscescens species complex 
together with the past studies on siganids, the two highly diverged groups 
obtained from the genetic analysis resembled the descriptions of the two nominal 
species: the Pacific Ocean Groups (Group One and Group One A) resembles S. 
fuscescens, while the Indian Ocean Group (Group Two) resembles S. 
canaliculatus. Spots patterns maybe useful in distinguishing these two nominal 
species, though not always satisfactory in the present study. Increasing the sample 
size, especially of that of the potential S. canaliculatus from the Indian Ocean, 
may help to validate the use of spots patterns as a diagnostic feature. Controlled 
rearing experiments may help to find out whether these differentiations of spots 
patterns are consistent, i.e. have genetic basis, or are just 
environmentally-induced. 
After all, whether they are two groups or two full species relies on which species 
concept is applied by the taxonomists. As reviewed by Rocha et al (2007), the 
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idea on which species are simply evolving lineages or populations has been raised 
in recent years. Different concepts or criteria may apply to different phases of the 
speciation process. Gil l and Kemp (2002) noted that though morphological criteria 
were proposed to distinguish intrapecific groups from full species, these criteria 
have been applied inconsistently. Different taxonomists or ichthyologists rely on 
different criteria; there is no one valid criterion that is generally accepted for 
identification of all species. For example, Randall (1998) suggested some of the 
widespread species could be divided into western Indian Ocean and western 
Pacific forms, but not two valid species as they only differ by slight coloration. 
Yet, Gill and Kemp (2002) suggested all well-diagnosed intraspecific groups 
should be awarded full species status. Regarding evaluation of species using both 
genetic and morphology approaches, as noted by Rocha et al (2007), the 
identification of deeply diverged genetic lineages in a species with wide 
distribution range is often followed by the discovery of new morphological 
differentiation, and subsequent recognition of the lineages as valid species. In the 
present study, the Pacific and Indian Ocean Groups which showed deep 
divergence (about 6 times higher than those within Groups) with certain level of 
morphological differentiation may represent two incipient/ emerging species. 
Study with multiple genetic markers together with further morphological study in 
a wider geographic range would better elucidate the systematic status of the S. 
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Chapter five 
Table 4.1 Occurrence o f Siganus canaliculatus and Siganus fuscescens reported 
from past studies. 
Species Location Reference 
Siganus Persian Gulf, Gulf of Oman, Pakistan, India, Sri Reviewed by 
canaliculatus Lanka, Burma, Thailand, Singapore, Malaysia, Woodland 
Indonesia, Papua New Guinea, Philippines, (1990) 
Cambodia, Viet Nam, south China, Taiwan, 
Western Australia 
Ryukyu Island, Palau and Yap in Micronesia Myers (1991) 
Kenya Wambiji et al. 
(2008) 
Siganus Western Pacific: southern Korea, southern Japan, Reviewed by 
fuscescens Ogasawara Islands, Taiwan, southern China, Woodland 
Malaysia, Singapore, Thailand, Andaman (1990) 
Islands, Indonesia, Philippines, Yap, Palau, 
Pohnpei (Caroline Islands), Solomon Islands, 
Papua New Guinea, Vanuatu, New Caledonia, 
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Fig. 4.2 Neighbour-joining phylogeny of Siganus spp. from the combined 
nucleotide sequence data set of cytochrome b (300 bp) and 16s rRNA (525 
bp) gene fragments. Geographic origin of samples: Syria (X); Mascarene 
archipelago ( • ); Addu atoll, Maldives (+); Riau archipelago ( A ) ; Sulu Sea 
( • ) ; Makassar strait, Sulawesi ( • ) ; Truk, Caroline Islands ( • ) ; Bismarck 
and Louisiades archipelagoes ( • ) ; Solomon Islands ); New Caledonia 
(眷);Ouvea, Loyalty Islands (〇);Moorea, Society Islands ( • ). (Modified 
from Borsa et al 2007). 
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Fig. 4.3. Phylogenetic trees of siganids. (a) consensus tree derived from Bayesian 
analysis of mitochondrial cyt b sequences from 19 Siganid and outgroup 
species. Numerals below nodes indicate posterior probabilities in the 
Bayesian trees (left) and bootstrap values (%) from 1000 replicates in the 
neighbor-joining tree (right), (b) Consensus tree resulting from the 
maximum parsimony analysis of nuclear rRNA gene cluster sequences 
from 19 siganids and an outgroup species. Numerals below nodes indicate 
bootstrap values (%) from 100 replicates. Solid arrow indicates the 
Indian-clade ofS. canaliculatus and arrowheads indicate ITSl types found 
in an individual of the clade (open arrowheads, Indian-ITSl-types; solid 
arrowhead, Pacific-ITSl-type). (Modified from Kuriiwa et al 2007). 
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Fig. 4.4. The phylogenetic tree of 22 individuals of S, canaliculatus/ S. fuscescens 
species complex investigated in the morphometric study, constructed by 
neighbor joining method based on mitochondrial cyt b sequence. Bootstrap 
values (1000 replicates) were indicated at important nodes only. Symbols 
represent the genetics groups as identified in Chapter Two: Group One 
( • ) � G r o u p One A ( • ) and Group Two ( O ) . Sequences of S. 
canaliculatus, S. fuscescens, S. rivulatus and S. luridus from Borsa et al 





The population genetic structure of the Siganus canaliculatus/ S. fuscescens species 
complex in the South China Sea (SCS) and its relationship with the population in 
Phuket, Indian Ocean were revealed by analysis of the mitochondrial DNA control 
region. In general, the 10 populations investigated in the present study can be divided 
into three main groups: (i) The Phuket population in the Indian Ocean; (ii) the 
northwestern Philippine population; and (iii) all the populations from China plus one 
population in eastern Malaysia, i.e. Xiamen, northeastern Taiwan, Hong Kong, 
Guangxi, Sanya, Sanwei and Kuantan. Present day ocean currents are believed to 
have major contribution in shaping this genetic structural pattern. The great genetic 
differentiation between the Phuket population and the SCS populations further 
confirmed the presence of a phylogenetic break between the two ocean basins as 
suggested by previous researches on various other species of marine organisms. 
Regarding the population structure within the SCS, the isolation of the Philippine 
population was highlighted in spite of its small geographical distance to the other 
populations. The Luzon Cyclonic Eddy occurring in northwestern Philippines might 
have restricted the gene flow between northwestern Philippines and populations 
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along the coasts of China, including Taiwan. On the other hand, the seasonal 
reversing coastal current in China probably contributed to the high connectivity 
found in the present study among the Chinese populations. Nevertheless, a slight 
genetic structure was observed between the Xiamen and northern Taiwan populations 
in East China Sea (ECS), suggesting some level of differentiation may be occurring 
here that warrants further investigations. 
This genetic structural pattern of this species complex found in the present study 
does not support the division of phylogeographical sub-provinces identified by Ablan 
et al (2002) and Chen et al (2004) in the SCS. This discrepany may be attributed to 
the habits of the different species examined in these studies. The S. canaliculatus/ S. 
fuscescens species complex examined in the present study exhibited diverse habitat 
use with schooling and group spawning behavior that led to its high dispersal ability 
and hence higher connectivity. The species examined in previous studies were more 
reef associated. Although the sub-province concept identified in the previous studies 
is not applicable to all fishes, the importance of identifying transboundary units for 
management of fisheries resources in the SCS was highlighted. Studies with more 
species with different life histories, together with more extensive sampling efforts, 
especially in the regions at the periphery and the border between the proposed 
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groupings may better disclose the different transboundary units in the region. 
Molecular markers with higher resolution, e.g. the microsatellites, would be needed 
to provide more detailed information about the population structures at finer scales. 
Phylogenetic analysis of all samples of S. canaliculatus/ S. fuscescens species 
complex examined in the present study revealed three groups, probably a result of 
historical events that occurred in the SCS region dated back to the early Pleistocene, 
or even earlier. The three groups showed possible origins in different oceans: The 
Indian Ocean, SCS and ECS, which probably represented refugia during lowering of 
the sea level in the Pleistocene. Owing to similarity of their spatial distribution, these 
three phylogenetic groups could have contributed to the shaping of the genetic 
structure stated above, at least, at certain level. Yet, in spite of the deep genetic 
divergence among these three groups, they cannot be distinguished by any of the 
morphometric measures or spots count data examined in the present study. In 
contrast, some of the morphometric measures and spots count were found to be 
useful in delineating individuals from different populations, which was not 
necessarily correlated with their genetic groupings. Hence, it was deduced that these 
morphometric characters and spots pattern were likely induced environmentally. 
Several limitations were encountered in this preliminary morphological study: (i) fish 
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samples may be of different developmental stages; (ii) the number of samples in each 
of the three genetically differentiated groups is not balance; and (iii) spots on fish 
samples faded out easily hence cannot be observed readily in preserved specimens. 
Increased sample size, which is expected to help resolve the problems (ii) and (iii), is 
suggested for further morphological studies in the future 
The differentiation of S. canaliculatus from S. fuscescens has been a great challenge 
to taxonomists (Woodland 1990), owes largely to their marked similarity in 
appearance and their sympatric distribution over a large area. A few taxonomic/ 
population studies were done in the past; yet, yielding contrasting results in 
addressing the species problem of these sibling species (Adams and Woodland 1994; 
Borsa et al. 2007; Kuriiwa et al 2007; Lemer et al 2007). At the moment, whether S. 
canaliculatus and S. fuscescens are two valid species remains unresolved, and hence 
they are regarded as species complex for population analysis in the present study. 
After integrating data obtained from genetic and morphological analyses in the 
present study and comparing them with those from various previous studies, two 
conclusions can be made: (i) the two highly diverged groups obtained from the 
genetic analysis resembled the descriptions of the two nominal species: the Pacific 
Ocean Groups (Group One and Group One A) resembled S. fuscescens, while the 
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Indian Ocean Group (Group Two) resembled S. canaliculatus; (ii) among all 
morphological characters investigated, only spots patterns maybe useful in 
distinguishing these two nominal species, though, not always satisfactory. After all, 
the Pacific and Indian Ocean Groups of S. canaliculatus/ S. fuscescem species 
complex which showed deep divergence (about 6 times higher than those within 
groups) with certain level of morphological differentiation may represent two 
incipient/ emerging species. Study with multiple genetic markers together with 
morphological study covering samples in a wider geographic range as well as 
controlled rearing experiments may be needed to help resolve the status of the S. 
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